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A-centre Two neighbouring nitrogen atoms on adjacent lattice sites
AIMPRO Ab Initio Modelling Program
at.% Atomic percentage - for this thesis, the ratio of defect atoms to that
xxi
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B Shear piezospectroscopic parameter
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Bm Magnetic field modulation amplitude
B0 Position (in magnetic field) of a resonance line
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C Shear piezospectroscopic parameter
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C-centre Isolated single nitrogen atom on a lattice site
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CW EPR Continuous wave electron paramagnetic resonance
D Zero-field interaction term
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FTIR Fourier transform infra-red
ge g value for the free-electron
gN Nuclear g value
GOT Great Orthogonality Theorem
h The order of a symmetry group
H1a Di-nitrogen interstitial defect
H Spin Hamiltonian term(s)
HF-CVD Hot-filament chemical vapour deposition
HPHT High-pressure high-temperature
G A symmetry group of elements obeying the Group Theory criteria
i Inversion operation
I Nuclear spin
IR Infrared
xxii
ITC Intelligent temperature controller
k Force constant
kB Boltzmann constant
LOT Little Orthogonality Theorem
LVM Local vibrational mode
me Mass of electron
MIR Mid infra-red
MP-CVD Microwave-plasma chemical vapour deposition
NA Concentration of acceptors
ND Concentration of donors
NS Substitutional nitrogen defect
N0S Neutral single substitutional nitrogen defect
N+S Positively charged single substitutional nitrogen defect
NIR Near infra-red
NV Nitrogen-vacancy defect
NVH Nitrogen-vacancy-hydrogen defect
p Probability of energy level occupation
P Pressure
P Quadrupole interaction term
Pµw Microwave power
P1 EPR analogue of the C-centre
PIN Diode P-type Intrinsic N-type diode
PL Photoluminescence
ppm Parts per million carbon atoms
ppb Parts per billion carbon atoms
Q Quality factor
R Symmetry operation
R1 Di-interstitial defect
R2 Self-interstitial defect
S Electronic spin
Sn n-fold improper rotation operation
xxiii
SALC Symmetry-adapted linear combination
SC-CVD Single crystal diamond grown by chemical vapour deposition
T Temperature
Td Tetragonal symmetry
UV Ultra-violet
UV-Vis Ultra-violet visible
VH Vacancy-hydrogen defect
WAR9 ⟨001⟩-nitrogen split interstitial
WAR10 ⟨001⟩-nitrogen split interstitial ⟨001⟩-carbon split interstitial pair
ZPL Zero phonon line
Abstract
The research reported in this thesis is focused on the identification of the
structure of point defects in diamond using a variety of spectroscopic techniques.
The defects studied are introduced by doping during synthesis, irradiation damage
and annealing. Diamond produced by high-pressure high-temperature (HPHT)
synthesis and chemical vapour deposition (CVD) are studied.
The nature of the 1344 cm−1 local vibrational mode attributed to the neutral
single substitutional nitrogen defect (N0S), has been studied using fourier transform
infrared (FTIR) absorption spectroscopy and uniaxial stress. This work showed
that this is a doubly degenerate vibrational mode at a defect with trigonal sym-
metry. When the stress was applied along the ⟨111⟩ and ⟨110⟩ directions, the
N0S defect was observed to preferentially reorientate to ⟨111⟩ directions with low-
est energy. It is shown that this is consistent with previously reported electron
paramagnetic resonance studies of reorientation.
Studies of the IR absorption spectrum from the N0S defect have confirmed,
through shifts observed upon 14N:15N isotopic substitution that the peaks at
950/940 cm−1 and 1046/1040 cm−1 are vibrations involving nitrogen in the pos-
itive charge state. However, uniaxial stress splitting studies on the 1332 cm−1
mode arising from the N0S defect were inconclusive.
The vibrational properties of N2I are fully described and with additional data
from isotopic substitution, the uniaxial stress splitting data enables unambiguous
assignment of the H1a defect to N2I.
The defect responsible for the 3107 cm−1 LVM has not yet been identified. New
evidence is presented showing that in CVD diamond, on annealing at 2200 (with
an applied stabilising pressure), the intensity of the 3107 cm−1 LVM is proportional
to the concentration of substitutional nitrogen squared. Possible structures for this
defect are discussed.
It was found that the defect induced one-phonon absorption observed after
neutron irradiation in type IIa CVD diamond could be removed by annealing at
temperatures below 1600. The kinetics of the removal of the defect induced
absorption cannot be explained in terms of the bulk migration of vacancies or
interstitials.
xxv
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“A diamond is a chunk of coal that is made good under pressure.”
- Henry Kissinger

Chapter1
Introduction
Definition 1 Diamond is a mineral composed of pure carbon.
– Encyclopedia Britannica
Diamond has always been of great interest. Predominantly due to its decorative
qualities when cut and polished, it can catch the eye of any passer-by and is
synonymous with wealth, extravagance and status; but its uses pass far beyond
that. Practically, it is known for its outstanding mechanical, optical and electrical
properties, making its potential almost endless and inviting extensive scientific
investigation.
The term diamond derives from the Greek word “α´δα´µαζ - adamas” meaning
untame or invincible and its use in religious icons or as engraving tools dates to
early human history [1]. The fantastic properties of diamond can be understood
by investigating its electronic and atomic properties, probing the heart of the
precious gem.
Diamond is an allotrope of carbon, an atom of six protons and six electrons
surrounded by four nearest neighbour carbon atoms in a tetrahedral configura-
tion [2]. This creates a highly symmetric structure and the tight binding of two
electrons to the nucleus, leaves the remaining four valence electrons to freely or-
bit and make the atom chemically active. Bonding carbons each contribute one
valance electron to form the bond. This 3-dimensional network of covalent bonds
is the basis of the great stability and strength of the structure (Figure 1-1).
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Figure 1-1: The unit cell of diamond. Diamond adopts a face centred cubic
Bravais lattice in the Fd3m space group, with a two atom carbon basis at (0,0,0)
and (14 ,
1
4 ,
1
4).
1.1 Synthesis of diamond
Until the mid 20th century, the supply of diamond was wholly from natural produc-
tion and collected through extensive mining, principally in South Africa. Limited
natural supply and growing demand from industry necessitated the development
of methods to artificially synthesise diamond with reproducible and engineered
properties.
1.1.1 Natural diamond
For the natural synthesis of diamond, an environment of approximately 4 GPa in
pressure and a temperature between 1000–1300 is required that is stable over
giga-years [3]. Two locations in the earth provide these conditions. The first is
in the lithosphere, approximately 200 km below the crust. The diamonds found
in this region are generally octahedral or twinned octahedral, the actual shape
being dependent upon the exact environmental conditions. It is by deep volcanic
eruptions that the diamond material is rapidly brought to the surface in magma,
which may then erode or be mined to retrieve the diamonds. The second location
is at meteorite impact sites.
Areas of diamond mining include south-western Africa, eastern South America,
Canada, Russia and Australia. The real surge towards diamond mining began with
the rushes in 1866. It soon became an exploitative trade and the diamond heyday
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was an era of blood, sweat and tears, where the lucky few emerged to achieve
fame, wealth and notoriety. Today, the trade is much more regulated, although
still dominated by a few large companies.
1.1.2 Synthetic diamond
The growing need for the use of diamond in industrial applications, has meant
that the demand now exceeds the supply of suitable natural material. Methods
of synthetic production have developed over the past sixty years, such that the
material can now be easily produced at various grades and with specific properties.
Since the late 1800s, it has been claimed that man can artificially replicate
diamond in a laboratory [4]. Today it is accepted that these early experiments
misidentified transparent, singularly refracting particles as diamond and the first
true success was instead by H. T. Hall and General Electric in 1954 [5].
1.1.2.1 HPHT synthesis
High-pressure high-temperature (HPHT) synthesis is a method of replicating the
environment of the earth’s lithosphere. The “Belt Press”, designed by Hall and
General Electric, created a local environmental pressure up to 9.6 GPa and tem-
peratures of up to 1800 [5]. By subjecting graphitic carbon to high pressures
and temperatures in the diamond stable region of the carbon phase diagram (Fig-
ure 1-2), the source carbon could be supplied with sufficient energy to disrupt
the original bonding. Bundy showed that at pressures greater than 6 GPa, the
liquid carbon that resulted was of a higher density than the source carbon and
the synthesis of diamond should be possible [6].
In essence, the belt press is formed of two carbide anvils, converging upon a cen-
tral capsule and generating the extreme pressures and temperatures required for
diamond synthesis. Outer bands (belts) compress the cell to allow it to withstand
the enormous stresses within. Developments have been made in synthesis by this
method. Solvent/catalysts are specifically selected to maximise the growth rate
and feed gasses controlled to regulate the impurities incorporated during growth.
However, growth is still slow and sample size limited. A history of the development
of HPHT production can be found in “The Diamond Makers” by Hazen [7] and
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Figure 1-2: Carbon phase diagram highlighting the diamond growth regions. a
- The region of shockwave synthesis; b - liquid carbon region; c - zone of non-
catalytic HPHT synthesis; d - zone catalytic HPHT synthesis; e - graphite stable
region; f - metastable CVD diamond region; g - diamond stable region.
for a more scientific review of the process of HPHT growth, the reader is referred
to “Growth of Synthetic Diamond” by Burns and Davies [8].
1.1.2.2 CVD synthesis
Chemical vapour deposition (CVD) was first developed by Eversole in the 1950s.
The method did not attempt to replicate the natural growth conditions, instead
growing diamond from hydrocarbon and hydrogen source materials in the gas
phase at low pressures (1-27 kPa). A series of gasses are streamed into a chamber
and energised by a hot filament, arc discharge or microwave power to produce
a plasma. By a complex chemistry process, growth occurs by deposition onto a
suitable substrate, such that carbon forms the 3D bonded structure of diamond.
The results are more reliable, controllable and quickly achieved compared to
the HPHT process. The growth rate can be anything from 1-1000µm/h depending
on the quality of diamond required [9].
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Figure 1-3: The classification of diamond
1.2 Point defects in diamond
Definition 2 A defect is an imperfection in the regular geometrical arrangement
of the atoms in a crystalline solid.
– Encyclopedia Britannica
Defects and impurities can dramatically alter the bulk material’s properties
(optical, electrical, thermal and mechanical) and this impacts on the application
of the material. The introduction of impurities, vacancies or interstitials, leads
to the distortion of the diamond lattice, destroying the local symmetry. Nitrogen
is renowned for being the most dominant impurity present in diamond and its
influence is heavily researched. Additionally, hydrogen, silicon and boron are all
currently being extensively studied, to investigate how they become incorporated,
how they migrate and whether the properties resulting from their inclusion can
be exploited. Defects are broadly characterised as: point defects, bounded on the
atomic scale in three dimensions (e.g. the single substitutional nitrogen defect),
line defects, bounded on the atomic scale in two dimensions (e.g. a dislocation) or
surface defects, bounded on the atomic scale in one-dimension (e.g. large vacancy
discs).
The incorporation of the most common impurities leads to the classification of
diamond (Figure 1-3). Type I identifies the diamond to have a concentration of
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nitrogen in the lattice detectable by IR spectroscopy (> a few ppm). This may be
in a variety of forms which denotes the subclass; Ia indicates the nitrogen to be in
clusters, either in the aggregated A-centre form, IaA (two nearest neighbour nitro-
gen atoms), the B form, IaB (four nearest neighbour nitrogen atoms surrounding a
vacancy) or a combination of the two (IaA/B). The type Ib classification, indicates
that nitrogen is in the dispersed, single substitutional form.
Alternatively, if the nitrogen concentration level is below detectable limits by
infrared spectroscopy (< a few ppm), the sample will be classified as type II. These
are very rare in nature. Type IIa samples do not display any impurity related
absorption in the UV, visible or infrared parts of the spectrum. Optically, they
are the most transparent of all diamonds. Diamond containing boron in an isolated
substitutional position in the lattice, is classified as type IIb. Boron is a relatively
shallow acceptor and its incorporation increases the electrical conductivity of the
material.
Defects do not always have a negative implication for a sample. Some may be
detrimental for the operation of a diamond device but in other instances, defects
are essential for its performance. An obvious example, is the doping of diamond
to achieve p- and n- type characteristics. Identifying shallow donor and acceptor
levels is essential to ensure that conduction is realistic at reasonable temperatures.
Boron is the p-type dopant in diamond but a good n-type donor that can be readily
incorporated has yet to be identified.
Some defects are desirable in their own right, for example the nitrogen-vacancy
(NV) centre. The attraction of NV− is its capability to act as a single photon
source and/or a quantum bit in quantum information processing, where its long
spin coherence time is exploited [10]. For a greater review on the developments
of quantum information processing, the reader is directed to papers by Kennedy,
Kok, Walderman and Stoneham [11–14].
1.3 Properties and applications of diamond
The combination of extreme properties is what makes diamond so attractive for a
wide range of applications.
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Table 1-1: A comparison of the properties of diamond with other semiconductors.
Table adapted from Hadlington [18].
Property Si SiC GaN Diamond
Bandgap (eV) 1.1 3.2 3.44 5.5
Breakdown field (MV cm−1) 0.3 3 5 20
Electronic mobility (cm2 V−1 s−1) 1450 900 440 4500
Hole mobility (cm2 V−1 s−1) 480 120 200 3800
Thermal conductivity (W m−1 K−1) 150 500 130 2400
1. Broad optical transmission spectrum (terahertz to UV)
2. Highest thermal conductivity at room temperature (2500 W m−1 K−1) [15]
3. Low thermal expansion (1.05×10−6 K−1)
4. High tensile strength
5. Highest Young’s modulus (1223 GPa) [16]
6. Highest Knoop hardness ((100) face: 88–147 GPa, (110), (111) face: 98 GPa)
7. Good electrical insulator with a high breakdown field (intrinsic diamond) /
Good electrical conductor (doped diamond)
8. High carrier mobility
9. Low dielectric constant (5.7 at 300 K)
10. Wide electronic band gap (5.5 eV) [17]
11. Good bio-compatibility
A summary of electronic properties in diamond in comparison to other semi-
conductors is outlined in Table 1-1. Many of these unique properties result from
the diamond structure. To form four sp3 hybrid orbitals, it is necessary to promote
a 2s electron to the 2p shell (1s22s22p2→1s22s12p3). Whilst energetically expen-
sive, the resulting covalent bonding and the sharing of electrons forming complete
electron shells, offsets the cost. The sp3 bonding gives diamond its tetrahedral
symmetry.
The strength of these bonds and the three-dimensional stability of the tetra-
hedral configuration, gives diamond its extreme mechanical hardness, chemical
stability and radiation hardness. The covalently bonded structure also permits
the transfer of atomic vibrations throughout the lattice with ease and hence gives
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rise to the high thermal conductivity.
The combination of hardness and high thermal conductivity gives diamond
excellent properties for use in tools for grinding, sawing and drilling (except of
steel, where the alloyed materials, including iron, can react with the diamond drill
bit and contribute to its degradation). For many of these applications, small, low
quality diamonds are required and hence HPHT synthetic material is used.
CVD synthesis gives additional flexibility over the size and shape of the grown
material. CVD grown diamond is used in applications where the control over defect
inclusion and diamond properties are more important. Developing applications
include:
 RF, microwave and laser optics
 Raman lasers
 Protective coatings
 Thermal management
 Power electronics
 Electrochemistry (metallic boron doped diamond)
 Acoustic devices (e.g. diamond tweeters)
 Radiation detectors
1.4 Motivation for research
The HPHT treatment of diamond is known to have the result of improving colour
and therefore increasing the value of a gem [19]. Therefore, from the perspective of
the gem industry, it is important to be able to differentiate between natural, syn-
thetic and treated (those which have been irradiated and/or annealed) diamonds.
As techniques to optimise growth and the properties of diamond rapidly advance,
improved and more sophisticated methods of discrimination are essential [20, 21].
Studies of the defects in diamond, their incorporation and their behaviour can
help with this. As growth techniques vary, the incorporation of defects will also
vary and tell-tale signs of specific processing or growth methods may be identifi-
able. In addition, the development for semiconductor technologies (e.g. doping in
synthesis, defect implantation, annealing etc.), require a sound understanding of
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defect formation, structures and interactions. Controlling the properties through
defect engineering is often the challenge that must be met for high technological
exploitation.
1.5 Thesis outline
This thesis focuses on the investigation of a number of defects found in synthetic
material as a result of treatment processes. A number of studies have been ex-
ecuted to investigate these defects, considering their symmetry, structure and
behaviour by techniques such as annealing, irradiation, uniaxial stress and optical
spectroscopy. The application of these techniques and the theory behind them
will be introduced to aid the understanding of the later experimental chapters,
where new results will be presented and discussed.
Chapter 2 reviews the literature of the field of diamond growth and defect
incorporation. Much work exists on the identification of common defects seen by
a multitude of observational techniques and yet the catalogue of defects which
are understood in terms of their growth conditions, symmetry and composition, is
still limited. This review will consider the specific work published on electron and
neutron irradiation of diamond and the two most commonly identified impurities
in diamond, nitrogen and hydrogen. It aims to provide an introduction to the
work presented in later chapters, bringing the reader up-to-date with the field,
areas of interests and related challenges.
Chapter 3 will introduce the theory behind the key research techniques ex-
ploited in this thesis. Optical absorption spectroscopy plays a fundamental role
and its use in identifying defects, considering composition and understanding sym-
metry is discussed. The analytical basis of group theory is outlined for use in
analysing data from uniaxial stress experiments and identification of crystal sym-
metry. Following from this, chapter 4 considers the practical application of these
theories and their integration into analytical techniques such as annealing, optical
spectroscopy and uniaxial stress experiments.
Chapter 5 is the first of the experimental results chapters presented. This
extends the work already published considering the single substitutional nitrogen
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defects in the neutral and positive charge states in diamond. Uniaxial stress exper-
iments are used to study LVMs observed in infrared absorption spectra originating
from substitutional nitrogen defects. Furthermore, evidence for the reorientation
of the N0S defect under uniaxial stress is discussed and evidence for the changing
site occupation probability, presented.
Chapter 6 reports conclusive identification of the di-nitrogen interstitial defect.
The use of optical spectroscopy in conjunction with uniaxial stress has assigned
the structure of this defect, achieving a result that is in excellent accord with
theory.
Chapter 7 considers some common hydrogen related defects present in CVD di-
amond, specifically those defects responsible for absorption in the 2750–3400 cm−1
C–H stretch region of the infrared spectrum. A conclusive reassignment of the
3123 cm−1 defect is made, together with a determination of the conversion fac-
tor for the quantification of its concentration. The previously proposed structure
responsible for the 3107 cm−1 LVM is disproved and reassigned to the 3324 cm−1
LVM. Many questions still surround the structure of the defect responsible for the
3107 cm−1 LVM. New data on its production in CVD diamond are presented.
Chapter 8 presents new data on the effects of neutron irradiation on type Ib
and IIa diamond. Annealing and uniaxial stress studies identify the symmetry of
some of the more prominent defects and an insight into the repair of irradiation
damage is presented. However, this chapter highlights that more work is required
considering the effect of neutron damage in diamond.
Chapter 9 aims to summarise the key results of this research and its contri-
bution to the field of diamond research. It outlines the areas where substantial
further work is still required, giving some suggestions for future experimentation.
This thesis aims to be a comprehensive report of the previous three and a half
years of experimental work, focussing on gaps in important areas of diamond defect
research and contributing to the body of knowledge required for understanding the
processing and treatment of diamond.
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Chapter2
Literature Review
2.1 Introduction
To review the entire field of diamond physics would be an immense task and hence
this chapter aims to review the key works and results relevant to this thesis. Topic
specific reviews can be found in each chapter.
This literature review will provide a brief overview of the current methods of
growth for synthetic diamond, since an understanding is beneficial when consid-
ering how defects can be incorporated and manipulated. Furthermore, key point
defects will be reviewed, together with key methods for their detection.
2.2 The growth of diamond
The process of diamond growth does not differ greatly from the synthesis of other
crystals. The complication is that diamond is not the thermodynamically stable
form of carbon at room temperature and atmospheric pressure. Two principal
methods exist for the growth of synthetic diamond: creating a high-pressure high-
temperature (HPHT) environment for a carbon rich material and by chemical
vapour deposition (CVD) of carbon.
2.2.1 HPHT growth
The discovery that diamond was solely composed of carbon was reported in 1797
by Smithson Tennant [1] and ever since, there have been efforts to turn other
13
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forms of carbon into diamond, a commodity rated as one of the most precious on
earth. Many attempted to replicate the Earth’s natural conditions in a laboratory
environment and synthesise diamond (Hannay [2], Moisson [3], Parsons [4–6]) but
with no success. Greater research was needed on the exact relation of pressure,
temperature and diamond growth [7–10]. Experiments by Bridgman operated
well within the diamond stable region (Figure 1-2) but still diamond was not
successfully synthesised [11]. Simple extreme compression of graphite at higher
and higher pressures led to no structural change of the initial material and the
conclusions labelled graphite as “...nature’s best spring”. The problem was not
therefore simply performing the experiment in the diamond stable region but also
the large kinetic barrier between sp2 and sp3 hybridised diamond.
There was no reliable report of man-made diamond until the mid-1950s. Dis-
cussion exists as to whether the first successful synthesis was made by the Ameri-
cans or the Swedish. The first “reports” were published by General Electric, who
had explored the option of using a metal solvent to overcome the hybridisation
problem, as first suggested by Leipunskii in 1939. Bundy developed new equip-
ment capable of holding pressures and temperatures in the diamond stable region
for prolonged periods, with Bovenkerk et al. investigating carbon in different forms
and the effect of the addition of other gasses and impurities [12, 13]. Ultimately,
it led to the first successful synthesis of diamond from graphite, which was rapidly
followed by the announcement of production by De Beers and the Adamant Re-
search Laboratory. The technique used today remains largely unchanged, utilising
metals such as nickel, cobalt and iron as common solvents/catalysts.
The HPHT synthesis process can be divided into two, both involving source
materials in solution. The temperature gradient method uses a temperature differ-
ence between the source materials and the growing diamond, causing a difference
in solubility and subsequently supersaturation which drives the growth of the
crystal. In the allotropic change method, the difference in solubility arises from
the allotropic difference between the source and diamond. Ultimately, the exact
method depends upon the type of diamond that is required and the job for which
it is intended but generally, pressures between 5 and 6 GPa and temperatures of
1300-1500 K are required. The procedure and apparatus of HPHT synthesis is
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well reviewed and shall not be discussed further. Instead, the reader is directed
towards reviews by Muncke and Wedlake [10, 14].
2.2.1.1 Dopant control in HPHT growth
Nitrogen is the most prevalent incorporated defect in HPHT growth. The growth
capsule contains air, acting as a primary source of nitrogen and other abundant
gasses. By this technique, the incorporated concentration of nitrogen may be of the
order of several hundred parts per million of carbon atoms (ppm) [15]. Typically,
nitrogen is incorporated as a single, isolated, substitutional defect [16], although
under the high temperature conditions of this process, aggregation can occur dur-
ing growth, resulting in the formation of A-centres (two nearest neighbour nitrogen
atoms) [17].
Commonly, a nitrogen getter is added to the solvent/catalyst mixture. Metals
such as aluminium, titanium or zirconium are added which have a strong affinity
to nitrogen [18–20]. Whilst the concentration of incorporated nitrogen may be
reduced, some part of the getter material may become incorporated into the final
diamond. An alternative method and one used in the production of samples for
this thesis, is that of high-temperature degassing. Prior to growth, the growth
capsule is degassed, removing all atmospheric gasses from the growth environment
at lower than growth temperatures [21]. This volume can then be purged with a
desired alternative, such as 15N2 gas or methane, before being taken to the desired
conditions for diamond synthesis to occur. Intentional doping can also occur by
this method, by the direct addition of gasses, such as diborane (B2H6), phosphine
(PH3) or silane (SiH4) to the growth capsule.
It is understood that the uptake of nitrogen varies between the growth sec-
tors [22–24]. It was found that the {111} sectors demonstrated the greatest up-
take of nitrogen followed by {100}, {113} and {110}. The incorporation was also
found to have some temperature dependence, with the efficiency of incorporation
increasing in the {111} and {100} sectors as temperature increased, this being
most significant in the {100} sectors [25]. The solvent/catalyst used can also have
a significant effect on the incorporation of nitrogen [26, 27].
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2.2.2 CVD growth
In 1962, Eversole of the Union Carbide Corporation in the USA, reported the first
demonstration of the CVD growth of diamond [28, 29]. This method involved
growing diamond on diamond seeds. Substrates were heated between 1200 and
1500 K, where, by a method of thermal decomposition at a pressure of one atmo-
sphere, a gas containing methyl groups was used for the growth of diamond upon
the seed. A black carbon (graphite) was reported to develop and periodically, the
seed would require cleaning to remove the graphitic layer before the process could
be repeated to continue the growth of the diamond. Growth rates were low, typ-
ically of the order of 0.1µm per hour and used a hot filament process to activate
the methane/hydrogen gas mixture. A step towards making this method com-
mercially viable came in 1968, when research found that the addition of atomic
hydrogen into the growth chemistry favoured the formation of the sp3 bonding
structure of diamond over the undesirable sp2 bonding of graphite [30, 31].
Many methods can be used to activate the gas mixture, the most simple being
where a hot filament is placed close to the substrate at 2300 K (HF-CVD). Whilst
simple in design, contamination of the film from the filament is significant. A
thorough review of the hot-filament CVD method is presented by Argoitia [32].
An alternative method for the activation of the precursors, is by a microwave
plasma (MP), first reported by Kamo from the National Institute for Research in
Inorganic Materials (NIRIM) in Japan [33]. The possibility of electrode contam-
ination is removed. Whilst the exact set-up of the apparatus may vary between
reactors, the essential design has become a widespread technique for diamond
growth. As with HF-CVD, MP-CVD is well reviewed in the Handbook of Indus-
trial Diamonds and Diamond Films [34].
Today, MP-CVD is being used to produce electronic and optical-grade single
crystal synthetic diamond, when grown on good quality, HPHT synthesised, dia-
mond substrates. Research now focusses on the cost optimisation of the process,
source materials and identification of ideal recipes to maximise growth control and
rate.
The choice of substrate and its growth direction, has been shown to have an
effect on the quality of diamond produced. Best control and highest quality are
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achieved on {001}-orientated substrates [35]. The preparation of the substrate is
as significant as optimisation of the growth conditions and chemistries involved.
Surface roughness and dislocations in the substrate can propagate into the grown
structure, reducing the ultimate quality of the product and the resultant properties
the sample will have.
In terms of growth parameters, important considerations include the ratio of
methane to hydrogen in the growth gasses, the microwave plasma power density,
substrate temperature, impurities and gas pressures. These all impact on growth
rate, defect density and surface morphology [36–41]. Controlled growth of single-
crystal diamond has been achieved at rates of up to 19µm, when plasma densities
in the range of 65–125 W cm−3 were used [42]. Higher plasma densities require
substrates to be cooled (1100-1200 K), to maintain the control over growth and
higher concentrations of methane are needed as surface etching of the diamond
becomes a significant competitor to diamond growth [41].
2.2.2.1 Dopant control in CVD growth
As with HPHT growth, intentional but also unintentional doping of the growth
material needs to be considered. Whilst there is significantly greater atmospheric
control with the CVD reactor, the hardware components can act as a source of
impurities, which may ultimately become incorporated into the lattice. Nitrogen
is an obvious consideration. This may enter as an impurity in source gasses or
due to leakage of the reactor. High concentrations of nitrogen present in CVD
growth have been shown to have a detrimental effect on the quality of the growth
layers [43]. When the majority of CVD grown diamond is for use in optical and
electronic applications, the reduction of nitrogen content is essential to maximise
the desired properties. Isolated nitrogen concentrations even as low as 1 ppb, can
make the grown material unsuitable for its intended purpose [44, 45]. A second
substantial consideration are the potential sources of silicon that exist within the
chamber, such as the walls or windows. It must therefore be considered as a
significant contaminant in CVD grown diamond.
Research with polycrystalline material showed that the incorporation of nitro-
gen not only changed the properties of the resulting sample but also had a sub-
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stantial effect on the surface morphology and growth rates of the diamond [46, 47].
Even the addition of nitrogen of concentrations of 2–10 ppm, led to an increased
growth rate of 2.5 times [48].
2.3 Irradiation of diamond
It is well known that specific treatments can be used to enhance gemological char-
acteristics and therefore the value of a sample; for example laser drilling and frac-
ture filling and more specifically colour treatments to improve a white diamond’s
colour grade or to enhance a white diamond and give it a fancy colour [49, 50].
Government agencies and confederations including the CIBJO (Confe´de´ration In-
ternationale de la Bijouterie, Joaillerie et Orfe`vrerie) or World Jewellery Confeder-
ation, explicitly require the disclosure of diamond treatments at the point of sale.
However, enhancement treatments may have a positive influence on the proper-
ties of diamond for the industrial market. Therefore, understanding is required to
identify key markers of treatments in diamonds. Many processes can be used to
treat diamond but this thesis will focus on the effects of irradiation (neutron and
electron) and annealing and hence, this will be the focus here.
First experiments on the effects of radiation on diamond were performed by
Crookes in 1904 using radium salts [51]. These experiments slowly turned the
diamond colour a dark green, although penetration by the α-particles was very
shallow and left the diamonds highly radioactive. Today, diamonds are irradiated
in four principal ways: proton bombardment by cyclotrons, gamma-ray bombard-
ment by exposure to cobalt-60, neutron bombardment via nuclear reactors and by
electron bombardment via Van de Graaf generators.
Diamond is considered a radiation hard material [52] but bombarding the di-
amond lattice with high energy particles will lead to the displacement of carbon
atoms from their lattice sites; defects in the form of vacancies and interstitials (de-
fects occupying sites other than those at lattice positions) result. The introduction
of these radiation damage centres can substantially change the properties of the
lattice, with annealing causing the mobility of these defects and the potential for
the formation of complex lattice defects.
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Low energy particles bombarding a solid may interact in one of two ways; if
charged, they may ionise a lattice atom and if they collide with a lattice atom, they
may knock the atom from its lattice site. The result of the collision with sufficient
energy will be a cascade of damage in the lattice [53]. The level of damage induced
in the lattice is highly dependent upon the irradiating particle, its momentum and
charge.
2.3.1 Neutron irradiation
Neutrons have zero charge and therefore their main interaction through the dia-
mond is ballistic. Carbon has a very low cross-section for neutron interaction [54].
As a result, the particle will have a long path length in diamond and be scat-
tered very little when at a low energy. However, scattering is extremely energy
dependent.
For neutrons at 1 MeV interacting with carbon, the total cross-section is ap-
proximately 2.5 barns1 [54]. As a consequence, 87.9% of neutrons pass through a
300µm sample without any interaction, resulting in more uniform damage than
electron irradiation which may only penetrate a few millimetres. This leads to a
near homogeneous distribution of vacancies in the lattice, at a rate of approxi-
mately 44 vacancies cm−1 [54].
The majority of the damage in neutron irradiation is not from the interacting
neutron but from the cascade of secondary damage from the displaced carbon
atoms. The displacement-threshold energies for type IIa diamond are reported
as 37.5 ± 1.2 eV in the [100] direction, 45.0 ± 1.3 eV in the [111] direction and
47.6 ± 1.3 eV in the [110] direction [55]. Multiple vacancies and damage clusters
will result and hence the concentration of vacancies will increase deeper into the
crystal. TRIM (TRansport of Ions in Matter) modelling has calculated the depth
profile of vacancies to be constant beyond a depth of 200 nm and a truer average
value of vacancy production to be 68 ± 7 cm−1 [54].
1A barn (b) is a unit of area commonly used in nuclear physics for expressing the cross-
sectional area of nuclei with nuclear reactions. 1b = 10−28m2.
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2.3.2 Electron irradiation
The dominant effect in irradiation by electrons is the energy loss due to elec-
tronic excitation. When the electron is incident upon a lattice atom, the excess
kinetic energy transferred to the displaced atom is insufficient for it to cause a
secondary effect. The probability is therefore that electrons will form single, iso-
lated vacancy defects during irradiation [54]. For a 1 MeV electron beam, it is
calculated that the beam density is 1.5±0.3 electrons cm−1 and for a 2 MeV beam,
1.7 ± 0.3 electrons cm−1.
2.3.3 Irradiation damage centres
Prior to irradiation, type IIa diamond shows minimal absorption below the fun-
damental absorption edge at 5.5 eV. However, following irradiation, sharp absorp-
tions in the 1.6–2.5 eV region are observed, labelled GR1 (General Radiation 1),
with an additional absorption at 2.9 eV [56]. This causes the green/blue coloura-
tion in samples and was concluded to result from either an isolated vacancy or an
interstitial carbon atom. As irradiation dose increases, so too does the intensities
of the lines and the intensity of the colouration. On cooling, the GR1 band re-
solves to a sharp line at 1.673 eV, accompanied by broader side bands at higher
energies, labelled GR2–8.
The GR1 defect was identified as having tetrahedral symmetry, with the ZPL
(zero phonon line) originating from an E → T transition at that defect [57, 58]. It
was assigned to the neutral vacancy defect as a result of its stability at tempera-
tures of the order of 900 K and its decaying by second order kinetics [59]. Theory
identified the defect to have several possible ground states with similar energies
and different multiplicities [60]. The neutral vacancy centre was found to migrate
more readily than the negative state, with a migration energy of 2.3 ± 0.3 eV [61].
The ground state of the neutral vacancy is diamagnetic and therefore cannot be
detected by EPR (electron paramagnetic resonance). The 5A2 excited state of the
neutral vacancy is observed by the illumination of an irradiated sample, indicat-
ing an effective electronic spin of the neutral vacancy of S = 2 [62]. The negative
charge state of the vacancy defect has also been identified by EPR, with an effec-
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tive spin S = 3/2 [63]. The optical analogue is labelled ND1 with a sharp ZPL at
3.149 eV [64].
A significant number of vacancies will migrate to form new complexes with
other defects upon annealing but recombination with the interstitial, simultane-
ously formed with the vacancy, will account for a substantial decrease in vacancy
concentration in the temperature range 600-700. Annealing at temperatures
of the order of 1100 K leads to the formation of a substantial concentration of
di-vacancies [65].
The vacancy defect has been well investigated by optical [58, 64, 66–68] and
EPR studies [62, 63] and substantial reports also exist considering interstitial re-
lated defects. For every vacancy created upon 1-2 MeV irradiation at 77 K, an
equal number of interstitials also exist [69]. However, excitation enhanced migra-
tion of the interstitial has been shown when irradiation occurs at higher temper-
atures, indicating an activation energy of 0.3 eV [70]. This migration can explain
the formation of di-interstitial defects upon irradiation at room temperature [71],
as opposed to an activation energy for migration calculated at 1.6 eV for annealing
post irradiation [70, 71].
Four potential interstitial structures have been proposed in literature, tetra-
hedral, bond-centred, ⟨100⟩-split interstitial and ⟨110⟩-split interstitial [72]. The
only stable structure of the interstitial atom is in the ⟨001⟩-spilt interstitial model
(D2d symmetry), irrelevant of the charge state and it is modelled to have the lowest
energy configuration [73, 74]. All others were hypothesised to be unstable.
The R2 EPR defect was first observed by Faulkner and Lomer in 1962 and is
associated with the ⟨001⟩-spilt interstitial defect [73, 75–77]. This EPR signal is
usually the most prevalent in EPR studies of radiation damaged diamond. Op-
tically, the recognised vibronic transition of this defect is the absorption peak at
1.859 eV [78–81]. Additionally, the 1.685 eV feature is also associated with this in-
terstitial defect and the concentration of the defect within diamond can be inferred
from the intensity of these features [79].
An upper limit for the migration of this I0 defect is 1.7 eV [72]. Annealing
studies of low temperature irradiated diamond, has proposed that the interstitial
is mobile below temperatures of 80 K and furthermore, that the formation of R1
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([I–I]0), improbable by irradiation alone, is formed after irradiation at 300 K [82].
The R1 defect, first observed at room temperature in type IIa irradiated dia-
mond [83], is acknowledged to be the di-interstitial, an aggregate of two ⟨001⟩-spilt
interstitials on adjacent lattice sites [71]. Both R1 and R2 as observed by EPR
are in the neutral charge state. However, in type Ib diamond, where there is a
significant concentration of nitrogen, the nitrogen may act as an electron donor.
The result is for these interstitial defects to be in the negative charge state with
S = 0 and therefore EPR invisible [22].
2.4 Common defects in diamond
The vast array of defects possible within diamond are too numerous for them all
to be mentioned here. This thesis will therefore be concerned only with those
arising from the presence of nitrogen or hydrogen impurities and the effects of
annealing and irradiation on those defects and the diamond lattice. An overview
is presented in Figure 2-1.
2.4.1 Nitrogen in diamond
Nitrogen is one of the most dominant impurities in both natural and HPHT syn-
thetic diamond. It has therefore become one of the most important to understand.
Neutral single substitutional nitrogen is a deep donor [84]. It is dominant with
regards to the optical properties of diamond; nitrogen related defects, specifically
N0S and N3 (3N+V) are important in determining the colour of the diamond.
Extensive studies, by both optical and EPR spectroscopy, have been completed
with regards to the single substitutional nitrogen N0S centre in diamond, to gain an
understanding of its structure and symmetry [85–90]. Subsequently, it is well ac-
cepted that nitrogen forms four bonding orbitals with neighbouring carbon atoms
of the diamond lattice. However, the extra electron of nitrogen (1s.2s2.2p3) com-
pared to carbon, occupies a highly localised anti-bonding orbital, directed along
one of the N-C bonds. As a result, the length of the N-C′ bond is elongated by
approximately 28% compared to other lattice C-C bonds [91]. The neutral defect
therefore undergoes a trigonal distortion, with the nitrogen atom and one carbon
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atom moving away from each other in the ⟨111⟩ direction [90, 92, 93].
The neutral single substitutional nitrogen centre was first identified by Smith
et al. by EPR [85] and labelled P1. The dispersed nitrogen identified to exist in
samples, was also found to produce strong absorption in the infrared one-phonon
region of the spectrum and was labelled the C-centre [94–96]. Through the use of
vacuum gas analysis, it was shown that the intensity of both of these correlated
features [97], represented the concentration of nitrogen within the sample [88].
For type Ib material, two key absorption features, 1344 cm−1 and 1130 cm−1
were attributed to the centre, showing a reproducible ratio of peak intensities over
many samples [98]. 15N isotopic substitution investigations identified a red shift of≈15 cm−1 of the 1130 cm−1 with no simultaneous shift in the 1344 cm−1 LVM. How-
ever, for 13C isotopic enrichment, the 1130 cm−1 feature displayed no shift and the
1344 cm−1 LVM was seen to shift to 1292 cm−1. The 1130 cm−1 mode was therefore
assigned to the nitrogen vibration of the N0S defect and the 1344 cm
−1 LVM to a
pure carbon vibration associated with the strengthened carbon bond [99].
In natural samples, nitrogen is present almost completely in one or more non-
paramagnetic forms and so can not be detected by EPR. In optical absorption,
two additional distinct components to the infrared spectrum were identified and
labelled as A and B [100].
2.4.1.1 Aggregation of nitrogen related defects
The A-centre in diamond is a complex of two neighbouring substitutional nitrogen
atoms on adjacent lattice sites. It is well established experimentally and results
post heat treatment at temperatures greater than 1950 K for extended periods [17].
Simultaneously, the N3 absorption was detected [101, 102].
The rate of aggregation can be enhanced by the inclusion of vacancies into the
lattice structure [103, 104]. Vacancies can enhance the migration of substitutional
nitrogen centres to form A-centres at lower temperatures. Further aggregation
leads to the B-centre (four nitrogen atoms surrounding a vacancy), giving vibra-
tional bands at 1332, 1171, 1093, 1003 and 780 cm−1 [105]. It is unknown whether
the A-centre migrates as a unit to form the B-centre, or whether it is through the
dissociation of the A-centre during annealing that the VN4 structure forms.
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Another prominent nitrogen related defect groups are the vacancy-nitrogen de-
fects. H3 and H4 represent the VN2 and V2N2 centres [90, 106] but most prominent
is the NV centre. Irradiation and annealing treatments (at approximately 900 K)
give rise to an absorption band at 1.945 eV (637 nm) [107]. The zero phonon line
(ZPL) was shown to originate from a defect with trigonal symmetry and more
specifically, an A → E transition. The vacancy was known to be mobile in dia-
mond at 900 K [61] and hence it was concluded that the defect responsible for the
absorption was a vacancy neighbouring a substitutional atom. This was correlated
with an EPR defect that presented with the correct symmetry, an electronic spin
of 1 and nuclear spin of 1 and near atomic 100% abundance [108].
Under similar conditions, an absorption band at 2.156 eV (575 nm) was ob-
served [109–111], arising from an E → A transition from a trigonal defect [111].
Correlation between these two features identified that as there was a sudden de-
crease in intensity of the 1.945 eV line at high irradiation doses, there was an
abrupt increase in the 2.156 eV feature [112]. It was concluded that at lower ir-
radiation doses, there was an excess of the neutral single substitutional nitrogen
defect. The nitrogen and vacancy defects could complex to form the NV defect
and the N0S defect would donate and electron forming NV
− and N+S. At higher
irradiation doses, the majority of the N0S defects would be ionised to N
+
S, with
the formation of V− and hence the NV defect would exist in the neutral charge
state [112].
N0S +V0 → NV0
N0S +N0S → NV− +N+S
N+S +V− → NV0
Both forms of the NV defect are observed in as grown CVD diamond [113].
It may be grown into the diamond lattice as a unit or under the conditions of
growth, be formed by the diffusion of the vacancy to a N0S centre.
Nitrogen interstitials have been reported in theoretical and experimental stud-
ies [22, 114–117]. The knowledge of the fate of interstitial defects and nitrogen
is less advanced. As the ⟨001⟩-split interstitial migrates through the lattice, it
can become trapped by the N0S defect, forming a defect where one atom of the
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interstitial structure is replaced by a nitrogen atom. This has been identified
by EPR studies and labelled WAR9 and shown to be extremely stable [117]. It
was detected as occurring only in the low nitrogen sectors of the sample, suggest-
ing the defect to be an electron acceptor existing in the negative charge state in
regions of high nitrogen concentration. A secondary nitrogen related interstitial
defect is that labelled WAR10, a ⟨001⟩-nitrogen split interstitial ⟨001⟩-carbon split
interstitial pair forming under similar conditions to the WAR9 defect [117].
The most prominent defect to arise post irradiation of type I diamond, whether
by electrons or neutrons, is the absorption feature at 1450 cm−1 labelled the H1a
defect [118]. This is also thought to arise from a nitrogen related interstitial defect.
The strength of the line is noted as being sample-dependent and linear in intensity
with irradiation dose. This defect is reviewed further in Chapter 6.
2.4.2 Hydrogen in diamond
Hydrogen is typically the most abundant atom in the gas phase during diamond
growth by CVD. The predominant motivation for the study of hydrogen, is its
effect on the electrical properties of diamond as a result of hydrogenation [119].
Hydrogen is a strong reactant with solids due to its strong chemical activity, high
lattice mobility and its availability in molecular gasses and liquids. Hydrogen can
be present in concentrations up to 1 atomic percent in some natural and poly-
crystalline samples [120]. However, the defects that form are commonly infrared
inactive and paramagnetic, which hinders their detection.
Calculations using Hartree-Fock theory have concluded that hydrogen is more
stable at a bond-centred site with a predicted energy difference of 2.7 eV over the
tetrahedral location [121]. In comparison, the use of density functional theory
has predicted the energy difference to be 1.9 eV [122]. The bond-centred defect
leads to a large lattice relaxation, with the C-C bonds extending by 43%. The
hydrogen atom positions itself in the centre of the bond, 11 A˚ away from each
carbon atom [91]. As a result, these carbon atoms relax towards the plane of their
three nearest neighbours, compressing these bonds by nearly 4% and leading to a
change in the bonding configuration from the diamond sp3 structure to the more
stable sp2 structure [91].
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Further theoretical calculations have shown that it is unlikely that single hy-
drogen atoms would be the final form in diamond, since a complex of two hydrogen
atoms has a lower energy than two isolated defects [122]. Like nitrogen, hydro-
gen can form many new centres by migrating and aggregating with other defects
when exposed to treatments such as irradiation or annealing. Lines at 3107 cm−1
and 1405 cm−1 were the first to be commonly seen and attributed the C–H stretch
and bend modes of the same defect and observed in natural as well as some syn-
thetic diamond post annealing [123–126]. These defects will be reviewed further
in Chapter 7.
In polycrystalline diamond, EPR has been shown to commonly detect the H1
centre (VH0) [127, 128], stable up to temperatures of approximately 1200 K [129–
131]. This has been correlated to a near trigonal defect [132] and is present
in samples of high hydrogen concentration, where the isolated neutral nitrogen
defect is absent [131]. In addition, EPR has also identified the H2 defect [131],
appearing in samples with a lower concentration of hydrogen and in the presence
of the neutral nitrogen P1 signal [131]. For both H1 and H2, it is proposed that
the hydrogen atom is not incorporated into the lattice of the bulk diamond and is
instead at a distorted region such as a grain boundary [133].
The first conclusively assigned point defect in bulk diamond was the NVH−
defect by EPR [134], a defect with S = 1/2 and C3v symmetry. In the model of
this defect, the hydrogen atom is bonded to one of the three carbon atoms nearest
to the vacancy. This suitably replicated the experimental hyperfine parameters
observed [135–137]. This static configuration would result in a defect of C1h sym-
metry but permitting the hydrogen atom to tunnel between the three equivalent
C1h configurations, on a timescale short compared to that of EPR experiments,
would result in the observation of a defect with C3v symmetry. The NVH defect
is further reviewed in Chapter 7.
Hydrogen may also complex with vacancies in the lattice in single crystal ma-
terial. The negatively charged hydrogen vacancy defect (VH−) has been proposed
by EPR [127], suggesting the defect to be a complex formed from a hydrogen atom
bonded to one of the four carbon atoms at a vacancy. Modelling of the hyperfine
parameters for this structure did not agree with the EPR results observed and an
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alternative model of a hydrogen di-vacancy complex provides an alternative struc-
ture in broad agreement with experimental observations [135, 138]. Contention
remains over the true assignment of the EPR defect.
In the C–H stretch region (2750–3300 cm−1), the most commonly detected
bands are at 3123 and 3324 cm−1, in addition to those already mentioned [139].
Again these will be more thoroughly discussed in Chapter 7.
Much of the knowledge of hydrogen related defects in diamond comes from
the extensive theoretical modelling performed by Goss [136, 140, 141]. Discussed
in depth are many of the complexes that hydrogen may form with impurities in-
cluding boron and nitrogen. Hydrogen will bind with donors to passivate them.
In diamond, the acceptor site is likely to be bond-centred and so it is reasonable
that in a nitrogen hydrogen pair, the hydrogen will be located in a similar posi-
tion [142]. Calculation shows that for a N–H–C defect, the hydrogen atom will lie
close to the carbon neighbour. The binding energy of such a defect is calculated
as 1.49 eV. This complex cannot be described as passivated due to the defect pos-
sessing a filled level in the bandgap and modelling places the donor level at 1.1 eV
above the valance band. By LDA-DFT (local density approximation - density
functional theory) methods, the N-H defect has a binding energy of 4.2 eV and
3.5 eV for the reactions N −H → N0 +H0 and N −H → N+ +H− respectively, using
LDA-DFT calculations [141].
An alternative model is for a defect made from an A-centre with a hydrogen
atom placed in the bond-centred position between the two nitrogen atoms. The
long bond distance between nitrogen atoms makes this highly attractive, with a
bond dilation of 3%. Its formation is theorised to be in the 4–5 eV region. However,
in CVD material, nitrogen is typically incorporated as single substitutional centres,
with an activation energy for the aggregation of nitrogen of 5 eV [143]. This makes
this a less plausible model.
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Chapter3
Theory
This chapter aims to explain some of the physics relevant to the studies reported
in this thesis. The principal focus is the optical study of point defects in irradi-
ated and annealed diamond. Hence, the theory of the optical properties of point
defects, uniaxial stress and vibronic coupling will be presented, as well as a brief
introduction of the theory of defect migration.
3.1 Sub band gap vibrational optical absorption
in diamond
Electromagnetic (EM) radiation can be absorbed by diamond, where the intensity
of absorption as a function of energy, is governed by the origin and mechanism
of the absorption within the lattice. The absorption of such radiation requires
an electric dipole, which can respond to the electric field and acquire or change
its dipole moment [1]. States with different energies are orthogonal and do not
overlap. Therefore absorption at a static dipole does not occur [2]. For a crystal,
the absorption must therefore result from a vibration, transforming the state and
giving an overlap with a non-zero value. The rate of vibration, leading to a change
in the dipole moment of the defect will therefore determine whether absorption
will occur.
There are three different coupling mechanisms that may occur in solids.
 Restrahl - single phonon absorption occurring in ionic crystals [3]
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 Defect induced one-phonon absorption - a defect in the lattice introduces
strain, destroying the lattice symmetry and permitting the introduction of
an electric dipole
 Multi-phonon absorptions - two or more phonons simultaneously interacting
to produce an electric dipole
For the intrinsic diamond lattice, all atoms are covalently bonded equally with
their four nearest neighbours. These bonds will differ in orientation with the
nearest neighbours and be a translation of the second nearest neighbour bonds. For
a single phonon, neighbouring atoms will have displacements and induced dipole
moments that are equal but opposite and pi out of phase, making the wavevector
k = 0. The inversion symmetry of the diamond lattice prevents an induced dipole
moment by a single phonon and therefore there is no IR absorption in this region
from intrinsic diamond.
The large indirect band-gap of diamond prevents electronic excitation of intrin-
sic diamond until 5.5 eV. Any absorption occurring at a lower energy is probably a
result of a defect present within the diamond lattice, introducing additional states
into the band gap and destroying the lattice symmetry.
3.1.1 Defect induced absorption
A defect in the diamond lattice may induce a dipole moment resulting in absorp-
tion in two ways:
 electronic absorption
 vibrational absorption
For intrinsic diamond, electronic absorption can only occur when the incident
radiation has sufficient energy to promote a charge carrier from the valence band
to the conduction band. A defect can modify the electronic configuration of the
band gap and destroy the periodic boundary structure of the lattice. Electronic
transitions can then occur between the states of the defect within the band gap,
absorbing a quantum of energy equal to the energy separation of these states and
giving sharp absorption features called zero phonon lines (ZPLs).
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Alternatively, a defect related bond vibration may couple to the EM wave,
providing energy and momentum are conserved and vibrational absorption occurs.
Even at low temperatures, the nucleus of the atom vibrates around an equilib-
rium point, producing a deformation of charge with the surrounding electrons and
creating a small oscillating electric dipole.
The Raman frequency categorises the maximum frequency at which a phonon
can propagate through the lattice. For diamond, this corresponds to when the
transverse and longitudinal optical modes are degenerate and the wavevector is
zero, giving a maximum allowed phonon frequency of 1332 cm−1 [4, 5]. At higher
frequencies, a defect related vibrational mode is localised (LVM) in frequency and
space and can involve just a few atoms around the defect [6]. LVMs are typically
narrow and they usually occur from light impurities that are strongly bonded, the
strong bonding damping vibrations. The linewidth of the mode is determined by
the lifetime of the vibration. Lifetimes increase as the temperature is decreased,
leading to narrower lines and improved resolution.
Electron-phonon coupling processes are also described as vibronic. An elec-
tronic absorption which occurs without the aid of a phonon is labelled as a zero-
phonon line and has a minimum linewidth determined by the life-time of the
excited state. This can be further broadened by lattice strain [7]. The energy of
the state can be lowered with an increase in strain, as it perturbs the electronic
orbitals [2]. Movement of the atoms act to reduce the energy of the state and the
resulting distortion of the orbital component of the wavefunction subsequently
leads to stretching of the bonds and distortion to the surrounding lattice. This
leads to an increase in the elastic energy, which varies as the displacement of
atoms squared. The result is harmonic motion about the equilibrium, driven by
the reduction in energy and electronic states of a defect may be coupled to the
vibrations of the centre in this way. Transitions between states can then occur,
with the simultaneous absorption of a photon and creation of a phonon. A conse-
quence of this is that vibronic side-bands may be observed at higher energies and
at a distance from the ZPL equal to a phonon quantum of energy.
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3.1.2 Isotope effects on local vibrational modes
The behaviour of an absorption line with changing isotopes, can reveal a substan-
tial amount of information with regards to the nature of the defect composition.
As revision, the introduction of a defect destroys the translational symmetry.
The effect can be quantified by considering a monatomic linear chain, where one
atom of mass M is replaced by a smaller mass m [8]. It can be shown that one of
the normal modes of the lattice will be localised around the light atom and placing
the light atom at the n = 0 position, the lattice equations of motion become:
mu¨ = k(u1 + u−1 − 2u0) (3-1)
Mu¨ = k(u2 + u0 − 2u1) (3-2)
where un is the displacement of the nth atom from its equilibrium position
and k is the nearest neighbour force constant. The solution to the perfect linear
chain, where a is the nearest-neighbour distance and q the phonon wave number
is therefore:
ω = 2√ k
M
sin(qa
2
) (3-3)
Euler’s equation states
sin z = [exp(iz) − exp(−iz)]/2i (3-4)
The wave number must be considered as complex such that q = qR + iqi and
hence, sin(qa/2) = sin(qRa/2) cosh(qIa/2) − i cos(qRa/2) sinh(qIa/2). For the fre-
quency to be real, the imaginary part must be equal to zero and hence qR = pi/a.
Therefore the displacement of the nth atom can be given by:
un = u0 exp[i(qan − ωt)]= u0(−1)n exp(−qIan) exp(−iωt) (3-5)
As the distance from n = 0 increases, the solution damps exponentially. Sub-
stituting this into Equations (3-1) and (3-2):
ω2 = (k/m)[2 + 2 exp(−qIa)] (3-6)
ω2 = (k/M)[2 + exp(−qIa) + exp(qIa)] (3-7)
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Solving these simultaneous equations yields:
exp(qIa) = 2(M −m)/m (3-8)
and
ω2 = ω2max ( M22Mm −m2) (3-9)
where ωmax = (4k/M)1/2 and is the maximum frequency of the unperturbed
linear chain. Therefore, if m < M then a local vibrational mode exists which is
above the highest phonon frequency. If m≪M , then ω ≊ ωmax√M/2m.
A diatomic model is commonly used to quantify the frequency and isotope
shifts of local vibrational modes. In this model, an impurity of mass m is attached
by a spring k to a host atom M and to account for the vibration of local host
atoms, an additional empirical constant χ is introduced. The vibrational frequency
of the diatomic molecule is subsequently given using the reduced mass µ as:
ω = √k(1/χM + 1/m) ≡ √k/µ (3-10)
For example, in an isotopic substitution process where hydrogen (m = 1 amu)
with a frequency of ωH is replaced by deuterium (m = 2 amu) with a frequency of
ωD, the isotopic frequency ratio is given by
r = ωH/ωD = √2χM + 1
χM + 2 (3-11)
giving a result of just less than the square root of 2.
The anharmonicity of the potential can reduce the isotopic frequency ratio.
For larger displacements, the potential becomes weaker [9]. The anharmonic term
is inversely proportional to the reduced mass. Therefore the anharmonic term is
greater for lighter isotopes reducing the isotopic frequency ratio.
3.1.3 Measuring defect concentration
For optical absorption, the intensity of the transition line is directly related to the
concentration of the defect causing it. Using calculated coefficients, the intensity of
a transition can be used to infer the concentration. However, optical spectroscopy
is a bulk technique and will not provide detail of the inhomogeneity of the sample.
Systematic imaging is required for this information.
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Within a spectrum, many lines may originate from the same defect, for ex-
ample, representing different vibrational modes of the same bond. Annealing is a
useful technique for identifying paired transitions, promoting the migration and
therefore potential trapping of defects, which will subsequently alter concentra-
tion and intensity. The different modes will not anneal independently and hence
patterns in intensity changes can be identified.
3.1.4 Symmetry and the effects of stress
As well as the electronic states of a defect being degenerate, so too may the induced
directional dipole moment have orientational degeneracy. Strain can interact with
the orbital components of electronic states, having the effect of lifting degeneracy
and leading to the observation of absorption features splitting. The property of
the lattice to show differences in this splitting behaviour with strain of different
orientations, indicates the symmetry of the defect and gives information about
the nature of the states involved. With the addition of temperature variation,
information can be gained about the degeneracy of the ground state; changes
in temperature will vary the population of each state and effect the intensity of
absorption for each resulting transition.
The amount of strain per unit stress provides information on the elastic con-
stants near to the defect and hence will differ from the bulk. Vacancies are known
to soften the crystal and interstitials to harden the crystal due to the increase in
local density. However, splitting of some ZPLs is inherent in as-grown samples,
where large amounts of internal strain from defects can arise as a result of the
growth process.
3.2 Crystal symmetry and point groups
The symmetry of a defect can place restrictions upon the expected properties of
that defect. Diamond is a cubic crystal with tetrahedral (Td) symmetry [4, 6]. For
this point group, there are 24 associated symmetry operations which describe the
processes that can be performed and will leave a single point group unaffected [1].
For each symmetry operation, there will be a corresponding symmetry element, a
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Table 3-1: Symmetry operations and their symmetry elements [1].
e The identity
Cn An n-fold rotation by 2pi/n around an axis of symmetry
σ A reflection in a vertical (σv), horizontal (σh) or dihedral (σd)
mirror plane
i An inversion through the centre of symmetry
Sn The group Sn with n-fold improper rotation
plane, line or point about which the operation is carried out. The point group of
a defect identifies the symmetry operations which are associated with it. For this
thesis, the Scho¨nflies system of notation will be used. There are 5 primary labels
which then subdivide (Table 3-1). Some visual examples are given in Appendix A.
3.2.1 Group theory
A set of elements a, b, ... form a group G if they satisfy the following criteria [1]:
a) The identity element e is an element of G
b) The product ab of any two elements is an element of G
c) The products of the elements are associative
d) For each element, a, there is an inverse element, a−1, which is also a member
of G
This mathematical theory of groups can be applied to study the symmetry of
molecules and rigourous mathematical treatments of group theory exist in physics.
The reader is directed to Ludwig et al. and Sternberg for a more thorough anal-
ysis [10, 11].
For diamond, with the lattice possessing high symmetry, any defect within the
lattice must have equal or lower symmetry and be a subgroup of Td. For example,
the N0S defect adopts C3v symmetry which possess 6 members (Figure 3-1).
Symmetry operations can be performed consecutively, although the order of
operations is important. A general feature is that the result of a joint symmetry
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v''v'
v
3
-C 3+C
e
First: e C+
3
C−
3
σv σ′v σ′′v
Second
e e C+3 C−3 σv σ′v σ′′v
C+
3
C+3 C−3 e σ′v σ′′v σv
C−
3
C−3 e C+3 σ′′v σv σ′v
σv σv σ′′v σ′v e C−3 C+3
σ′v σ′v σv σ′′v C+3 e C−3
σ′′v σ′′v σ′v σv C−3 C+3 e
Figure 3-1: The symmetry elements of the C3v group. This projection is looking
down the ⟨111⟩ axis. In addition, the C3v multiplication table is shown, where
each product is shown to be equivalent to a single element of the group.
operation will always be equivalent to a single symmetry operation. For example,
C+3C−3 = e. The multiplication of symmetry operations is always associative and
the outcome for all symmetry operations are presented in a group multiplication
table. For C3v symmetry there are 36 products (Figure 3-1).
Symmetry operations are in general non-commutative and hence the matrix
representation of a symmetry is generally used. For this, a basis is selected, a set
of functions upon which the operation acts. For C3v, a suitable basis set could be
(SN , SA, SB, SC). The dimension of this is therefore 4. The elements of the C3v
group can then be represented as:
D(4)(e) =
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
D(4)(C−3 ) =
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
1 0 0 0
0 0 1 0
0 0 0 1
0 1 0 0
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
D(4)(C+3 ) =
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
1 0 0 0
0 0 0 1
0 1 0 0
0 0 1 0
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
χ(e) = 4 χ(C−3) = 1 χ(C+3) = 1
D(4)(σv) =
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
1 0 0 0
0 1 0 0
0 0 0 1
0 0 1 0
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
D(4)(σ′v) =
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
1 0 0 0
0 0 1 0
0 1 0 0
0 0 0 1
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
D(4)(σ′′v ) =
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
1 0 0 0
0 0 0 1
0 0 1 0
0 1 0 0
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
χ(σv) = 2 χ(σv′) = 2 χ(σv′′) = 2
(3-12)
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Each matrix is the n-dimensional representative of the operation R (D(n)(R)).
The set of these representatives corresponding to all the elements of the group
is called the matrix representation, Γ. Representation theory aims to reduce
any given representation to an irreducible representation, containing all the in-
formation about the group without redundancy. This does not though produce
a unique representation and the form of an irreducible representation will be de-
pendent upon the original basis set selected. The trace of any representative of
an operation will be invariant under a similarity transform of the basis.
The character χ of the operation R is defined as:
χ(R) =∑
i
Di1i2...in(R) = Tr{D(n)(R)} (3-13)
All operations R of the same class have the same character. A character table
of all possible irreducible representations of a group can then be formed by the
Little Orthogonality Theorem (LOT) and can be found in a number of sources
(Table 3-2) [1, 10, 11]. In addition, the Great Orthogonality Theorem (GOT) can
be used to determine the singlet, doublet or triplet nature of the associated states.
The GOT states that for a group of order h, where D(l)(R) is the representative of
the operation R in a dl-dimensional irreducible representation of symmetry species
Γ(l) of the group, then:
∑
R
D
(l)
ij (R)∗D(l′)i′j′ (R) = hdl δll′δii′δjj′ (3-14)
Therefore, if you select any location in the matrix of one irreducible represen-
tation and any location in a second, same or different irreducible representation
of the group and sum the products over all the operations of the group, then the
answer is zero unless the locations of the elements are the same in both matrices.
If this is the case, then the result of the calculation is h/dl. By the Mulliken system
of notation, A and B electronic states are non-degenerate whilst E and T states
and doubly and triply degenerate respectively [7].
The representation Γ of a group can be written as the sum of the irreducible
representations Γ(l) of the symmetry species l, where al is the number of times the
irreducible representation appears in the direct sum D(R) = D(Γ1)(R)⊕D(Γ1)(R)⊕
...D(Γn)(R).
Γ =∑
i
alΓ
(l) (3-15)
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Table 3-2: The C3v character table. The number of elements or order h equals 6.
g(c) illustrates the number of each transformation for the symmetry and χ(c) the
character of the group.
e 2C3 3σv
A1 1 1 1
A2 1 1 -1
E 2 -1 0
g(c) 1 2 3
χ(c) 4 1 2
The coefficients can be calculated by use of the LOT and since the characters
of members of the same class of operations are the same:
al = 1
h
∑
c
g(c)χ(l)(c)∗χ(c) (3-16)
For our example of C3v, the characters for e, 2C3v and 3σv are 4, 1 and 2
respectively. Therefore:
aA1 = 16(1 ⋅ 1 ⋅ 4 + 2 ⋅ 1 ⋅ 1 + 3 ⋅ 1 ⋅ 2) = 2
aA2 = 16(1 ⋅ 1 ⋅ 4 + 2 ⋅ 1 ⋅ 1 + 3 ⋅ (−1) ⋅ 2) = 0
aE = 1
6
(1 ⋅ 2 ⋅ 4 + 2 ⋅ (−1) ⋅ 1 + 3 ⋅ 0 ⋅ 2) = 1
(3-17)
Therefore, the orbitals span Γ = 2A1 +E.
Initially, the chosen basis set was arbitrary. It is more convenient to find a
symmetry-adapted basis set, where the linear combinations of the basis functions
transform the original representations into a reducible form. These are referred
to as SALCs (symmetry-adapted linear combinations). In order to calculate these
SALCs corresponding to any symmetry species l, the projection operator p(l) must
be determined. This considers the dimensionality dl, of the representation of the
symmetry specie and the number of operations that can be performed which leave
the orbitals unchanged.
p(l) = dl
h
∑
R
χ(l)(R)∗R (3-18)
p(l) acts to project the basis functions (fj) into a SALC that transforms the
irreducible representation. For C3v, the SALCs for SN , SA, SB, SC are highlighted
in Table 3-3.
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Table 3-3: The transform table for the basis under the symmetry operations for
C3v.
Sn SA SB SC
e SN SA SB SC
C+3 SN SC SA SB
C−3 SN SB SC SA
σv SN SA SC SB
σ′v SN SC SB SA
σ′′v SN SB SA SC
The character of the corresponding operation can then be calculated by sum-
ming the entries for each orbital and multiplying by d/h. For d = 1, χ(R) =(1,1,1,1,1,1),
1
6
(6SN) = SN
1
6
(2SA + 2SB + 2SC) = 1
3
(SA + SB + SC)
1
6
(2SA + 2SB + 2SC) = 1
3
(SA + SB + SC)
1
6
(2SA + 2SB + 2SC) = 1
3
(SA + SB + SC)
(3-19)
For d = 2, χ(R) = (2,−1,−1,0,0,0):
2
6
(2 ⋅ SN + (−1) ⋅ SN + (−1) ⋅ SN) = 0
2
6
(2 ⋅ SA + (−1) ⋅ SC + (−1) ⋅ SB) = 1
3
(2SA − SC − SB)
2
6
(2 ⋅ SB + (−1) ⋅ SA + (−1) ⋅ SC) = 1
3
(2SB − SA − SC)
2
6
(2 ⋅ SC + (−1) ⋅ SB + (−1) ⋅ SA) = 1
3
(2SC − SB − SA)
(3-20)
Since the number of SALCs must equal the dimensionality, one of the SALCs
is taken arbitrarily and an orthogonal combination constructed of the other two.
The result is therefore:
A1 { S1 = SN
A1 { S2 = 1√3(SA + SB + SC)
E
⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
S3 = 1√6(2SA − SC − SB)
S4 = 1√2(SB − SC)
(3-21)
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Table 3-4: The C3v product table.
A1 A2 E
A1 A1 A2 E
A2 A1 E
E A1 +A2 +E
3.2.2 Calculation of many electron states
Once the linear orbitals and their dimensionality have been calculated, the states
can be populated. Consider the NV− defect; there are 6 available electrons. Con-
sidering the Pauli exclusion principal, A is a singlet and hence may contain up
to 2 electrons; E is a doublet and therefore may contain up to 4. The possible
configurations, considering it has C3v symmetry and therefore 2 A states and 1 E
state give:
a21a
2
1e
2 a21a
1
1e
3 a21e
4 a11a
2
1e
3 a11a
1
1e
4 (3-22)
Here a1 transforms as A1 and e as E. The direct product for each configuration
permits the calculation of the symmetry of each configuration. For the C3v example
used here, the product table can be found in Table 3-4.
By the direct product table, a21a
2
1e
2 is:
A1 ⊗A1 ⊗A1 ⊗A1 ⊗E ⊗E = A1 + [A2] +E (3-23)
The two a1 states transform identically and can be simplified such that xα+β =
aα1a
β
1 . Additionally, the maximum number of electrons that can be in the e state
is 4 and since holes transform as electrons, x3e3 is equivalent to x1e1. Simplifying
the possible configurations reduces the inequivalent configurations to:
Configuration Symmetry of resultant states
x2e4 1A1
x3e3 1E + 3E
x4e2 1A1 + 3A2 + 1E
Here the superscripts of each energy level define the spin multiplicity (2S + 1).
This defines the type of the state; superscript value of 1 denotes a spin singlet.
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The application of group theory can be used to determine optical selection
rules, gain information on the states that degenerate electrons possess in a crys-
tal and by bringing all this information together, provide an understanding of
the effect stress has on the perturbation of states and the resultant changes in
spectroscopy. It cannot determine the order of states or their relative energies.
3.3 Uniaxial stress spectroscopy
3.3.1 Absorption
Despite the great efforts in cataloguing defects as they arise, as Collins states in
1999 and is still true today, “...the things we still don’t know about optical centres
in diamond still greatly exceeds those which have been established with a reasonable
degree of certainty” [12]. A key task of this thesis is to extend our understanding
by identifying the structure and symmetry of defects that arise from the treatments
of diamond. With the information on symmetry properties, it is then possible to
postulate about the atomic structure, electronic states and constrain the expected
properties.
For defect centres, many degeneracies may exist. For example, the trigonal
centre, aligned along the ⟨111⟩ axes of the crystal [6], has four possible orienta-
tions: [111], [111¯], [11¯1¯], [1¯1¯1¯]. The number of equivalent orientations n, can
be calculated by the number of symmetry elements of the tetrahedral point group
G, divided by the number of symmetry elements of the defect centre g. For C3v,
n = G/g = 24/6 = 4. However, this is not always the case; for example, when
considering nickel centres in diamond, the defect is shown to grow preferentially
into certain crystallographic sectors at the expense of others [13].
A perturbation is often required to allow optical techniques to distinguish be-
tween different orientations of a defect. Many techniques can be used to achieve
this; polarised luminescence will preferentially excite the centres. Alternatively,
techniques utilising the Zeeman effect (the splitting of a spectral line in the pres-
ence of a static magnetic field), can provide information as to the shift of energy
levels [14, 15]. Typically, the effects are weak in diamond, as the perturbation
is small compared with the linewidth. Perturbation from the magnetic field is
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therefore difficult to observe.
The most successful method of perturbation is by uniaxial stress, applying a
stress to the principal axis of a defect and observing resultant changes to spec-
tral lines. Seminal work was completed by Kaplyanskii and many of the relations
used today were derived during those studies [16, 17]. This work was amended
and extended by research by Hughes, Runciman, Ludlow, Davies, Nazare´ and
Mohammed, who together have made contributions considering defects of trig-
onal symmetry, spin-orbit coupling, crystal misorientation and its contributing
effect and tabulation of the possible values of the effect of sub-bandgap gener-
ated luminescence, gradually expanding the knowledge of the technique and its
capabilities [18–22].
Uniaxial stress is therefore a well advanced and understood technique in terms
of the theory and application. To illustrate, a defect of C3v will be considered and
a method shown for the calculation of the perturbation to the Hamiltonian, the
resultant transition frequencies and the expected intensities when stressed.
3.3.2 The application of stress to a defect of C3v symmetry
Original workings dealt only with orientational degeneracy, i.e. an optical transi-
tion between two A states. However, A → E transitions are very common. This
example will consider the A→ E transition for a C3v symmetry defect.
For the trigonal centre, the principal axis is orientated along the [111] direction,
Z. The X and Y axes are therefore chosen as being along the [11¯0] and [112¯]
directions respectively and not the crystallographic axes, x, y, and z (Figure 3-
2). Careful consideration needs to be given to ensure that the axes set used is
consistent throughout.
The stress induced perturbation (H1) is written as:
H1 =∑
ij
aijσij (3-24)
where aij and σij are the electronic operators and components of the stress
tensor for a force applied to the ith face in the jth direction. Therefore, σij is the
projection of the stress tensor to the specific (i, j) direction.
σij = σ cos(θi) cos(θj) (3-25)
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Figure 3-2: Orientation of the trigonal defect in diamond with respect to the
crystallographic axes. The solid black lines represent the crystal axes, labelled
with lower case letters. The dotted red lines, indicate the defect axes, labelled by
capital letters.
σ is symmetric. Stresses where i = j represent compressive stresses, whereas i ≠
j characterise shear stresses. In application, when directed along ⟨001⟩, symmetric
σii stress is generated and when along ⟨111⟩, shear σij stress is induced. Stressing
along the ⟨110⟩ direction applies both forms and can act as a consistency check.
Therefore, since the stress matrix is symmetric, for the site shown in the Fig-
ure 3-2:
σ ∥ [001] ∶ σxx = σyy = σxy = σxz = 0 and σzz = σ
σ ∥ [111] ∶ all σij = σ/3
σ ∥ [110] ∶ σxx = σyy = σxy = σ/2 and σzz = σxz = σyz = 0
(3-26)
For purely orientational degeneracy, only non-degenerate terms will contribute
to the perturbation of the Hamiltonian. However, for a centre with electronic as
well as orientational degeneracy, the Hamiltonian for the perturbation of a C3v
centre is [18]:
H =H0 + cA1(σxx + σyy + σzz) + c′A1(σxy + σyz + σzx)+ cEθ(σxx + σyy − 2σzz) +√3cE(σxx − σyy)+ c′Eθ(σyz + σzx − 2σxy) +√3c′E(σyz − σzx)
(3-27)
where the electronic operators cA1 ...c
′
E
transform as indicated by their sub-
scripts. (σxx + σyy + σzz) represents the hydrostatic stress.
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For the C3v symmetry, there are four symmetry related sits which are charac-
terised by the site rotation matrices:
1RC3v = e =
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣
1 0 0
0 1 0
0 0 1
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
2RC3v =
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣
1¯ 0 0
0 1¯ 0
0 0 1
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
3RC3v =
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣
1 0 0
0 1¯ 0
0 0 1¯
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
4RC3v =
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣
1¯ 0 0
0 1 0
0 0 1¯
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
(3-28)
Therefore the components of stress for each symmetry site (n) can be calculated
as follows, using the general stress matrix σ:
nRTC3v
σnRC3v (3-29)
3.3.2.1 Calculation of transition shifts for stress in the ⟨001⟩ direction
For stress applied in the ⟨001⟩ direction, it has been shown that all elements of
the stress matrix are equal to zero excepting σzz. Therefore, for all sites:
σ =
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣
1¯ 0 0
0 1¯ 0
0 0 1
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣
0 0 0
0 0 0
0 0 σ
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣
1¯ 0 0
0 1¯ 0
0 0 1
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
=
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣
1¯ 0 0
0 1¯ 0
0 0 1
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣
0 0 0
0 0 0
0 0 σ
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
=
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣
0 0 0
0 0 0
0 0 σ
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
(3-30)
From this, the Hamiltonian for each site can be evaluated by taking the values
for the various σij components. For sites 1–4, only the σzz components return
non-zero values and the perturbed Hamiltonian for all four sites is:
H =H0 + cA1(σ) + cEθ(−2σ) (3-31)
This has the form:
∣a1⟩ ∣θ⟩ ∣⟩⟨a1∣ h̵ω0 + ⟨a1∣cA1 ∣a1⟩σ⟨θ∣ (⟨θ∣cA1 ∣θ⟩ − 2⟨θ∣cEθ ∣θ⟩)σ⟨∣ (⟨∣cA1 ∣⟩ − 2⟨∣cEθ ∣⟩)σ
(3-32)
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The vanishing integrals in the above matrix can be identified by application
of the Wigner-Eckart theorem [23]. This states that “basis functions that span
irreducible representations of different symmetry species are orthogonal”.
The Eigenvalues of this Hamiltonian help quantify the shift of the transitions
upon the application of stress to a C3v centre in the ⟨001⟩ direction. Using the
identities that:
A1 = ⟨a1∣cA1 ∣a1⟩ − ⟨θ∣cA1 ∣θ⟩ (3-33)
and −B = ⟨θ∣cEθ ∣θ⟩ (3-34)
E1 = h̵ω0 + ⟨a1∣cA1 ∣a1⟩σ
E2 = (⟨a1∣cA1 ∣a1⟩ + 2B)σ
E3 = (⟨∣cA1 ∣⟩ − 2B)σ
(3-35)
and therefore:
h̵ω12 = E1 −E2 = h̵ω0 + [A1 − 2B]σ
h̵ω13 = E1 −E3 = h̵ω0 + [A1 + 2B]σ (3-36)
3.3.2.2 Calculation of transition shifts for stress in the ⟨111⟩ and ⟨110⟩
directions
A similar method can be used for analysing the ⟨111⟩ and ⟨110⟩ directions. Now,
the general stress matrices for site 1 are as follows:
σ⟨111⟩ =
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣
σ/3 σ/3 σ/3
σ/3 σ/3 σ/3
σ/3 σ/3 σ/3
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
σ⟨110⟩ =
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣
σ/2 σ/2 0
σ/2 σ/2 0
0 0 0
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
(3-37)
The Hamiltonians for each are subsequently calculated by Equation (3-29)
(Table 3-5) and using the additional identities that:
A2 = 1/2⟨a1∣c′A1 ∣a1⟩ − ⟨θ∣c′a1 ∣θ⟩ (3-38)
and
C = −⟨θ∣c′Eθ ∣θ⟩ = ⟨∣c′Eθ ∣⟩ (3-39)
the shift rates can be calculated (Table 3-6).
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Table 3-5: Perturbed Hamiltonians for a defect of C3v symmetry with σ ∥⟨111⟩
and σ ∥⟨110⟩.
Site Hamiltonians for ⟨111⟩
1 H0 + cA1(σ) + c′A1(σ)
2 H0 + cA1(σ) + c′A′1(−σ/3) + c′Eθ(−4σ/3)
3 H0 + cA1(σ) + c′A′1(−σ/3) + c′Eθ(−2σ/3) + c′E√3(2σ/3)
4 H0 + cA1(σ) + c′A′1(−σ/3) + c′Eθ(−2σ/3) + c′E√3(−2σ/3)
Site Hamiltonians for ⟨110⟩
1 } H0 + cA1(σ) + c′A′1(σ/2) + c′Eθ(σ) − c′Eθ(σ)2
3 } H0 + cA1(σ) − c′A′1(σ/2) + c′Eθ(σ) + c′Eθ(σ)4
Table 3-6: Frequency transitions of a defect of C3v symmetry under stress in the⟨111⟩ and ⟨110⟩ directions. Each transition is attributed to a site from which it
originates, correlating with the site rotation matrices (Equation (3-28)).
Transition⟨111⟩ Site Transition⟨110⟩ Site
h̵ω0 + [A1 + 2A2]σ 1 h̵ω0 + [A1 +A2 +C −B]σ 1,2
h̵ω0 + [A1 − 23A2 + 43C]σ 2,3,4 h̵ω0 + [A1 +A2 −C +B]σ 1,2
h̵ω0 + [A1 − 23A2 − 43C]σ 2,3,4 h̵ω0 + [A1 −A2 +C +B]σ 3,4
h̵ω0 + [A1 −A2 −C −B]σ 3,4
This method can be applied for any symmetry to identify the equations char-
acterising the rate of frequency shift of a transition when perturbed by an applied
stress.
3.3.2.3 Calculation of stress split transition intensities for a C3v sym-
metry defect
The intensities of the stress split lines can be obtained by consideration of the
polarisations of light with respect to the direction of stress for the various transi-
tions. As before, care needs to be taken when moving between the crystallographic
directions used for defining the application of stress and the axes defined for the
defect (Figure 3-2).
For an A → A transition at a trigonal defect, the dipole will be in the Z
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direction. For an A→ E transition at a trigonal centre, the dipole is in the (X,Y)
plane. For a defect with C3v symmetry, consideration of the ⟨001⟩ and ⟨110⟩
directions is trivial since there is no mixing between the ∣θ⟩ and ∣⟩ basis functions
labelling the E state. However, for stress applied along the ⟨111⟩ direction, the
solution is more complex and shall therefore be examined here.
Considering the trigonal C3v defect, stressed along the ⟨111⟩ direction, sites 1
and 2 for the ⟨111⟩ stress direction still present no difficulties, with only terms in
the leading diagonal of the Hamiltonian matrix and therefore non-mixed eigenvec-
tors. Sites 3 and 4 introduce mixing between the states (Table 3-5).
Using the identities previously mentioned (Equations (3-33),(3-34),(3-38),(3-39)),
the following matrix for site 3 results (ignoring the a1 state):
∣θ⟩ ∣⟩
⟨θ∣ h̵ω0 + ⟨θ∣cA1 ∣θ⟩σ − ⟨θ∣c′A1 ∣θ⟩(σ/3) (2Cσ/√3)−(2Cσ/3)
⟨∣ (2Cσ/√3) h̵ω0 + ⟨∣cA1 ∣⟩σ − ⟨∣c′A1 ∣⟩(σ/3)+(2Cσ/3)
Let ⟨θ∣cA1 ∣θ⟩σ − ⟨θ∣c′A1 ∣θ⟩(σ/3) = ⟨∣cA1 ∣⟩σ − ⟨∣c′A1 ∣⟩(σ/3) = ησ. To calculate
the Eigenvalues (λ) and Eigenvectors:
RRRRRRRRRRRRRR
(h̵ω0 + η − (2C/3)) − λ 2C/√3
2C/√3 (h̵ω0 + η + (2C/3)) − λ
RRRRRRRRRRRRRR = 0 (3-40)
Therefore, λ = η ± 4C/3 and we arrive at the solutions for the transitions as
quoted in Table 3-6.
For a matrix A, there exists vectors v, which when transformed by A, will be
a multiple of themselves.
Av = λv (3-41)
v represents an Eigenvectors of the matrix A where v1 = α∣θ⟩ + β∣⟩ and v2 =−β∣θ⟩ + α∣⟩. α and β are related by terms of a single parameter (α = cosφ and
β = sinφ).
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Hence:
(η − (2C/3) − λ1) cosφ + (2C/√3) sinφ = 0 (3-42)(η + (2C/3) − λ1) sinφ + (2C/√3) cosφ = 0 (3-43)−(η − (2C/3) − λ2) sinφ + (2C/√3) cosφ = 0 (3-44)(η + (2C/3) − λ2) cosφ − (2C/√3) sinφ = 0 (3-45)
Multiplying (3-42) by sinφ and subtracting (3-44) multiplied by cosφ, gives
tan(2φ) = −√3
φ = −30○ (3-46)
Considering a polarised beam of light with an electric vector defined by E, a
centre orientated with the dipole along the symmetry axis Z of the defect (i.e.
representing and A → A transition at a defect with C3v symmetry), will give an
absorption from E equal to the resolved component along Z. The loss of energy
of the beam, or the level of absorption will be proportional to the square of the
projection of E on Z. Therefore the absorption at the centre, summing over all
the possible states (i), µ1 ∝ ∑i(E ⋅ Zl)2. For an A → E transition with the dipole
orientated in the (X,Y) plane, the transition a1 → vl can be calculated by:
µ∝∑
i
[αiE ⋅Yi + βiE ⋅Xi]2 (3-47)
3.4 Defect migration
Many mechanisms allow a defect to move through the lattice of the material.
They belong to two classes, depending on whether the defect is substitutional or
interstitial. Possible methods may be for defects to migrate by jumping from their
original sites into a vacant site or by an exchange mechanism with neighbouring
atoms.
Jump probability and migration energy can be considered through the Born-
Oppenheimer approximation, giving information as to the energy of an atom as a
function of its atomic position. Qualitatively, the Born-Oppenheimer approxima-
tion rests on the fact that the nuclei are much more massive than the electrons,
allowing it to be said that the nuclei are nearly fixed with respect to electron
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motion. The application of rate theory and dynamical theory, can then be applied
to determine the activation for the migration. Rate theory assumes that between
the initial and final states, an activated state exists; dynamical theory treats the
displacement as a superposition of phonons in a harmonic crystal, such that when
the cumulative local displacements of the defect are sufficiently large and neigh-
bouring atoms can move sufficiently to reduce the repulsion between them, a jump
may occur.
The identification of a specific migration mechanism is a complex problem.
Information with regards to this can only be gained indirectly since it is not
possible to observe and individual atom inside the crystal. A more thorough review
of defect migration and diffusion is presented by Lannoo and Bourgoin [24, 25].
3.5 Annealing
This thesis utilises two experimental methods of heat treatment. The first results
in the permanent change of a defect by heating and shall be referred to as an-
nealing. The second induces a change in the defect concentration due to charge
transfer process which is reversible and shall be referred to as heat treatment. This
chapter will refer to processes of annealing but similar principles can be applied
to heat treatments.
Changes to concentrations under annealing occur when the defect concentra-
tion is not at an equilibrium for a specific temperature. The concentration of a
defect may be reduced as a result of migration towards a sink with which it can
combine, such as a vacancy, dislocation or another defect, or the dissociation of
complexes into two new defects.
The optical activity of a defect can also be modified by the charge state in
which it exists. This can be modified by heat treatment processes causing the
transfer of charge between defects at relatively low temperatures, less than those
required for the break-up or migration of the defect.
The more stages that are involved in the formation of a new defect, i.e. the
requirement of the dissociation of one or more other defects, the greater the energy
required to for the process to occur. This therefore acts as the rate determining
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step for the process.
3.5.1 First order kinetics
For a first order reaction where [N] → [M], the rate of change of a defect concen-
tration in a period t is given by Equation (3-48).
d[N]
dt
= −K[N] (3-48)
K the rate constant. The solution to this will depend upon the order of the
reaction. For a first order reaction, the solution is given by the Arrhenius equation:
[N] = [N0] exp(−Kt) (3-49)
The number of defects which will disappear per unit time is proportional to
the number of defects present at that time and the rate constant.
K = ν0 exp(−Ea
kBT
) (3-50)
in units per time. ν0 is the characteristic attempt frequency and Ea the acti-
vation energy for the process.
The sample is considered as homogeneous in terms of the distribution of the
defects involved and it is assumed that the sink concentration will remain constant
and much greater than that of the defect. The sink is therefore not a limiting factor
in the formation of the new defect. A further assumption is that as t→∞, [N]→ 0
and therefore the forward reaction will dominate.
3.5.2 Second order kinetics
If instead [N]+[N]→ [M] the rate of reaction is dependent upon the concentrations
of both reactants, then second order kinetics are appropriate.
[N] = 1[N0]−1 +Kt (3-51)
Second order kinetics may be appropriate for the direct recombination of two
randomly distributed defects. An example of this is with vacancies (V) and in-
terstitials (I). They are formed in equal concentrations as a product of irradiation
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Figure 3-3: Isothermal annealing curves. Annealing experiments are performed at
the same temperature for increasing periods of time. When repeated at different
temperatures, this produces a set of curves from which the activation energy can
be calculated. For first order kinetics, K ∝ 1/T .
and can recombine by a single jump.
dNI
dt
= dNV
dt
= −KNINV (3-52)
Since NI = NV
dNI
dt
= −KNI2 (3-53)
For other instances, where reactions are of a higher order, a system of cou-
pled differential equations exist. The problem is more complex and will not be
considered here.
3.5.3 Iso- thermal/chronal annealing
Two ways of determining the activation energy of a defect’s migration process
is by isothermal (same temperature) or isochronal (same time) annealing. For
isothermal annealing, consideration is given to a changing defect concentration as
annealing time increases at a set temperature (Figure 3-3). Repeating this for a
series of temperatures results in a set of annealing curves. For first order kinetics,
K is proportional to 1/T with a gradient of −Ea/kB (Equation (3-50)). Hence the
activation energy for the process can be established.
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[N]
T e m p e r a t u r e
Figure 3-4: Isochronal annealing curve. As the temperature of annealing increases,
there is a sudden change in concentration. From this, the activation can be esti-
mated.
For the isochronal annealing of a first order process (Figure 3-4), Ea and K can
be estimated a single isochronal annealing curve (Equation (3-49)). The sample
is heated for a fixed time (t) at successive, increasing temperatures. Isochronal
annealing provides a rapid method of estimating the activation energy but for the
determination of accurate values, isothermal annealing is necessary.
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Chapter4
Experimental Techniques
This chapter will outline the main techniques used in the work reported in this
thesis. These will include: high-pressure high-temperature (HPHT) and vac-
uum/atmosphere annealing, optical absorption spectroscopy, uniaxial stress, elec-
tron paramagnetic resonance spectroscopy (EPR) and general sample preparation.
4.1 Annealing
Annealing of a semiconductor material can lead to substantial changes in struc-
tural, mechanical and electronic properties. The intended purpose of annealing
may be to reduce the concentration of unwanted defects or to promote the dif-
fusion of impurities. For semi-conductor materials, a combination of the two is
generally desired, to process the material to anneal out unwanted defects, whilst
minimising the diffusion of other dopants.
The work of this thesis uses two techniques for annealing diamond. Since
diamond is not the stable allotrope of carbon at atmospheric pressure, there is a
requirement for stabilising pressure before it can be annealed at high temperatures
(>1600). The equilibrium phase boundary between the graphitic and diamond
phases is outlined in Figure 4-1 and Equation (4-1), where P is the applied pressure
and T, the environmental temperature. [1].
P (kbar) = 17 + 0.021T (K) (4-1)
Annealing at atmosphere at temperatures less than 800 can be done, al-
61
Chapter 4. Experimental Techniques
Diamond
Liquid
Graphite
Temperature (K)
Pre
ssu
re 
(G
Pa)
10
20
30
40
50
00 1000 2000 3000 4000 5000 6000
Figure 4-1: The pressure, temperature phase and transition diagram for carbon
as presented evaluated by experiments of Bundy et al. [2]. Lines represent the
equilibrium phase boundaries.
though caution must be taken to minimise environmental oxygen. Oxygen can
behave in a catalytic manner, leading to surface graphitisation and sample dam-
age [3].
4.1.1 The high-pressure high-temperature press
DB1, the HPHT press used, was originally built by Vector S.A. for the synthesis of
diamond. It was refurbished and modified for the Diamond Trading Company, to
be used for research into the effects of HPHT annealing on defects in diamond. It
was then donated to the University of Warwick to continue this work. The system
is comprised of three elements:
 The 500 tonne hydraulic press
 The electrical power system
 The pressure and power feedback control
4.1.1.1 The hydraulic system
The hydraulic system controls both the pressure and flow of hydraulic fluid within
a closed loop circuit. These two parameters are controlled by an electronic ampli-
fier card and via a pressure transducer, oil pressure and flow values are transmitted
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Figure 4-2: Configuration of four anvils.
as voltage feedback values to the system. A valve acts as a flow controller when
the set point value is in excess of the current pressure and a regulator when the de-
sired set point has been achieved. A Bosch radial piston pump is pressure and flow
compensated, with the pump delivery responding to system parameter changes as
required. A high pressure relief valve protects the system, ensuring that the pis-
ton pump will compensate at high pressure loads. An accumulator, located in the
main pressure line, helps to cushion any shock changes.
The ram is driven by supplying a voltage to the pressure and flow controls at
the proportional valve. The speed of movement is governed by the signal from
the flow controller, until the point where contact is made and pressure begins to
build. The load, provided by the ram, is then governed by the pressure build
up. The load will remain at a constant value until the voltage governing the load
is changed. In order for the ram to drop, the system pressure must be slowly
released.
4.1.1.2 The anvils
Anvils are formed from tungsten carbide, held in a steel binding ring with a hollow
steel ring surrounding for the purpose of water cooling. Two of the four anvils
have an electrical terminal attached, to provide an electrical circuit when contacted
with the sample cell. This was used for the resistive heating of the sample. Three
of the anvils were machined to fit inside the gun barrel cone with an inclined angle
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Figure 4-3: Configuration of the lower three anvils within the gun barrel. Labelled
are the electrodes and the water supply tubes for the cooling of the anvils.
of 18.5○, with the fourth top anvil having a flat face for planar contact with the
load plate (Figure 4-3).
In preparation for running, the gun barrel was lined with Teflon and Melinex
sheeting to electrically insulate the anvils from the gun barrel and provide a surface
of reduced friction and the smooth and even displacement of the anvils under
pressure. Teflon buttons 0.25 cm thick, were placed in four places evenly around
one face of the three base anvils and all three faces of the top anvil to prevent
contact between them. These were mounted using double-sided adhesive tape.
The slanting faces, 0.5 cm from the flat triangular face, were painted with ferric
oxide to increase the friction between the extruding pyrophyllite and the tungsten
carbide anvil face and encourage the formation of gaskets. In experiments where
a thermocouple was used, the non-electrode connected base anvil had additional
Teflon sheeting on the uppermost face, over which the thermocouple wires passed.
4.1.1.3 The high pressure cell
The sample cell was machined from pyrophyllite (Figure 4.4(b)), an easily machin-
able material with excellent thermal stability. It is widely used in high pressure
experiments as both a pressure transmitting medium and a gasket material. In
this system, it fulfills both functions.
Pyrophyllite undergoes several phase changes when heated, which would cause
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(a)
(b)
Figure 4-4: The design of the tetrahedral sample cell for HPHT annealing. (a)
shows an exploded view of the tetrahedron, highlighting the graphite contact rings,
discs and pyrophyllite plugs. (b) shows a cross section through the tetrahedron,
indicating the positioning of the thermocouple junction and the graphite heating
rod and crucible [4].
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(a) (b)
Figure 4-5: Estimates of the heat dissipation across a sample chamber [6]. (a)
illustrates a vertical cross section of the graphite heater crucible with a set point
of 1600 for 10 minutes. (b) indicates the circular cross section under the same
environmental parameters.
large pressure variations within the sample region. Therefore, before use, the
pyrophyllite was baked at 500 for 8 hours and then kept in a furnace at 80
until required, to stabilise its properties and minimise its water content.
Two chambers are drilled into the tetrahedron. One is filled with a solid
graphite rod and the other with a crucible style graphite sample holder. This
creates the conductive path for resistive heating of the sample. A graphite disc
and ring with a pyrophyllite plug seal the crucible once the sample has been
inserted.
Within the sample crucible, the sample is placed centrally and packed with
hexagonal boron nitride powder. The low shear strength of boron nitride allows
it to flow freely around the material and there is no reported evidence of any
interaction between boron nitride and diamond [5].
A thermocouple was frequently used within the chamber. A tungsten iridium
thermocouple was originally chosen, which had the benefit of a small EMF below
50 and so did not require a cold junction calibration. However, at high pressures,
the wires were often damaged by compression from the anvils. Thinner K-type
thermocouples were subsequently used, which had an upper operating temperature
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limit of 1250. Extrapolation of the input electrical power with temperature
permitted conversions at higher powers.
It has been shown that the presence of a thermocouple within a chamber can
act as a heat sink, creating a temperature gradient across the sample region (Fig. 4-
5) [6]. This was measured by finding the ratio of luminescence of the 2.464 (H3
defect) and 1.945 eV (NV− defect) sidebands which provided an indication of tem-
perature at various points across a compacted diamond powder at 9.5 GPa. A
similar temperature gradient would be expected for boron nitride.
4.1.1.4 The controllers
The existing hardware controllers of the press system were outdated and required
replacement. Two new Eurotherm 2704 controllers were installed, providing the
user interface with the hydraulic and power systems. These controllers were soft
and hard wired to suit our requirements, providing control over output commands,
feedback controls, PID settings and permitted the integration of a number of safety
features based upon inputs from various hardware components.
Within the power controller, a power demand (set point) was made, which by
a micropower control card, was separated into distinct current and voltage values
according to internal settings. Via a transformer, these were then transmitted to
anvil electrodes, producing a sufficient voltage to resistively heat the sample to
the desired temperature. A monitor on the feedback current and voltage, com-
municated a process variable (working value) via a multiplier, so as to display a
power value to the user.
A number of hardware monitors and the input and output variables of the
controllers were integrated into the safety system, controlled by the Eurotherm
controllers. Optical sensors detected the current height of the ram which then was
used to identify a fast approach and slow approach regimes as the ram approached
the load plate. These two states then throttled the flow voltage between maximum
and half maximum to control the speed of the ram. Check signals identified
if water flow was present around the anvils before heating was permitted and
communication between the two controllers using the soft wiring options, ensured
that pressure ramping was completed before heating could begin and that the
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power programme had reach an end state before the pressure would ramp down. A
final safety check was the introduction of Hall sensors in the hardware to detect the
feedback current and voltage. On occasion, where a short circuit had developed,
normally due to contacting anvils, the current would rise rapidly with no associated
resistance. From a number of successful experiments across the operating range of
the press, it was noted that the current would never rise above 300 A. Therefore,
if the Hall sensor detected a current greater than 300 A, a signal was sent to the
controller, soft wired to be understood as an abort command and would end the
power ramping programme.
To preserve the anvils, load ramping was limited to 3 tonnes per minute and un-
loading to 1 tonne per minute. For heating, this was limited to 50 Watts per minute
to prevent excessive heating strains to the sample cell.
4.1.1.5 Calibration of sample cell environment
Thermometry with this system proved difficult. The pressure exerted on the wires
by the extruding gasket was sufficient that wires frequently fractured. Thicker
thermocouples did not fracture so easily but were too large to form a neat,
non–shorting join in the graphite sample chamber or alternatively were pinched
and fractured by the compressing anvils. Lower pressure thermometry at temper-
atures less than 1250 was possible (<4 GPa), which could then be extrapolated
for higher temperatures.
An EMF is generated along the length of the two dissimilar metals that are
subjected to a temperature gradient. For most metals used for thermocouples,
the output voltage increases linearly with temperature difference. The EMF of
the thermocouple was recorded and was translated into a temperature value based
upon the materials of the thermocouple. The resulting calibration equation was
calculated as:
Temperature (○C) = Power (W) × 1.53(4) (4-2)
The cell pressure versus the applied load was calibrated by measuring the
change in electrical resistance of several well known phase transitions of bis-
muth [7, 8]. At room temperature, load was applied to the system at a rate
of 1 tonne per minute and the resistance of the bismuth wire measured. The re-
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Table 4-1: Phase transitions of bismuth under pressure [7, 8].
Transition Pressure (GPa)
III 2.54
IIIII 2.7
High Bismuth 7.7
sistance data were correlated to the process variable and set point data from the
pressure controller, to find a resistance versus load relation and therefore a con-
version factor between the two quantities. Observing the high bismuth transition
was not possible, resulting in having only two points at similar pressures to form
the calibration from. Repeated calibrations using this technique have resulted in
similar relations between load and pressure such that:
Pressure (GPa) = 0.037(4) × Load (T) (4-3)
Hysteresis is evident in the system. As the load is applied, the tetrahedra cell
is compressed to a volume approximately half of its original. Therefore, as load is
removed, the relative pressure is substantially higher. Experiments performed at
a range of pressures were completed sequentially as load on the cell was increased.
4.1.2 The horizontal tube furnace
Annealing experiments utilised an Elite Thermal Systems Ltd. horizontal tube
furnace, with a hot zone of 180 mm and a maximum temperature of 1600. The
furnace tube was constructed of re-crystallised alumina tube surrounded by heat-
ing elements. Alumina radiation shields were inserted at either end of the work
tube to ensure that heat was focused in the central hot zone by radiation reflection.
A diagram of the tube furnace is shown in Figure 4-6.
The horizontal thermal profile for the furnace was measured at different tem-
peratures (for example Figure 4.7(a)). This profiling permitted reproducibility
of sample positioning in the optimum location within the tube. Temperature
variation over the sample region of the boat (2 cm) was minimal, providing a ho-
mogeneous environment during annealing. The calibration between the furnace
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(a)
(b)
Figure 4-6: (a) Photograph of the Elite Thermal Systems Ltd. tube furnace.
Forming gas enters from the left through the alumina tube and exits through
the bubbler. A thermocouple can be inserted in the right-hand end through the
T-junction. Samples were always inserted from the right, so that a gas flow could
be maintained. (b) A cross section through the alumina working tube illustrating
the radiation shields and sample positioning.
set point and the sample temperature (Figure 4.7(b)) was calculated as:
Tsample() = 0.95(1) × Tset point() + 45(7) (4-4)
Throughout every anneal, a continuous flow of forming gas was maintained to
slightly over pressure the annealing chamber and minimise oxygen content. The
flow rate was monitored by a bubbler. A T-junction ensured that the thermocouple
could be inserted whilst allowing the gas to continue to flow through the system.
All anneals using the tube furnace were performed at ambient pressure with the
sample centrally located and covered with sacrificial diamond grit.
For anneals at temperatures less than 1000, the sample was inserted once
the hot zone had reached the desired temperature. A small temperature decrease
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Figure 4-7: (a) represents the horizontal profile of the tube furnace across the
region between the two radiation shields. The profile was taken with the furnace
set point = 1000. (b) illustrates the calibration profile for the tube furnace
plotting data points attained during ramping up and down of the temperature. A
linear fit of this data provides a gradient of 0.95(1) with an intercept of 45(7).
was noted during the insertion period but was not of significance. For annealing
at temperatures greater than 1000, the sample was inserted once the furnace
temperature had reached 800 and the furnace ramped to the desired temper-
ature with the sample in situ. Considering the length of annealing periods, the
contribution from the additional temperature ramping was minimal. In all cases,
the flow of forming gas was increased slightly as the sample was inserted. Once
annealing was completed, the set temperature was reduced back to 800 and the
sample slowly withdrawn from the centre under increased forming gas flow. The
sample was then left at the edge of the working tube to cool, with a continuing
flow of forming gas.
For experiments where a lower set point was required and rapid cooling desired,
a Carbolite MTF (mini tube furnace) was used. This was a smaller unit with a
maximum temperature of 1000 and a quartz working tube replacing the alu-
mina. The benefit of this was that samples could be rapidly inserted and removed
without risk of material shock. Samples were inserted directly onto the quartz
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Figure 4-8: A block diagram of the primary components of an interferometer.
tube and were not covered with sacrificial grit. When treatment was complete,
the sample was immediately removed and quenched to lock–in defect concentra-
tions. Generally these treatments were for charge transfer experiments and hence
treatment and removal were performed in the dark.
4.2 Fourier transform infrared absorption spec-
troscopy
The Fourier Transform InfraRed (FTIR) spectrometer is a Michelson Interferom-
eter (Figure 4-8). A beam of light from a broad band source is split into two by a
beam splitter and directed towards two mirrors; one mirror is held in a fixed posi-
tion, the other swept. The two beams are then recombined and passed through the
sample. At the detector, an interferogram is measured as a function of path differ-
ence. This signal is digitised before a process of Fourier transformation provides
the resultant absorbance/transmission spectrum.
Background atmospheric absorption can prove an inconvenience in generating
the interferogram. Changes in water and carbon dioxide concentration can intro-
duce undesired absorption bands in the spectrum. Consequently, the spectrometer
is continually purged with nitrogen gas, a diatomic, symmetrical molecule which
does not have a vibrational absorption in the infrared region. Additionally, the
72
Chapter 4. Experimental Techniques
analysis software has a method of CO2 and H2O suppression, removing their char-
acteristic absorption features.
The degree of tolerable divergence of the two beams is dependent upon the
resolution set; the higher the resolution, the lower the divergence. This can be
controlled by restricting the beam size by a variable aperture, the J-stop. On
returning to the beam splitter, the two beams must be superimposed exactly.
Any tilt or shear can have distortion effects on the final spectrum. Since the
mirror has a finite distance it can move, reversal of direction can often introduce
an oscillation, leading to a distorted spectrum at the high and low ends of the
scan.
In comparison to a more common dispersive spectrometer, the FTIR spectrom-
eter has two advantages; firstly, all wavelengths are measured simultaneously as
opposed to successively (Felgett or multiplex advantage) and secondly, a series of
slits are not required to limit the light input (Jacquinot or throughput advantage).
Together, this means that spectra can be obtained more rapidly with an improved
signal-to-noise ratio.
The processor acts as a frequency analyser, producing a recognisable spectrum.
The interferogram is sampled at intervals equal to half the shortest wavelength of
the source. Radiation at shorter wavelengths will be sampled but may appear in
the wrong place. This effect is called aliasing.
The apparatus used for this thesis, is a PerkinElmer Spectrum-GX FTIR Spec-
trometer with the components as summarised in Table 4-2. Two beam splitters are
used. For the mid-infrared, the beam splitter is formed from a plate of potassium
bromide (KBr) with a germanium coating. This covers a range of 7800-370 cm−1.
The near infrared scans utilises a quartz beamsplitter, over a range from 15000-
2700 cm−1. A beam condenser is used to reduce the diameter of the beam at
the sample, from approximately 6 mm to 2 mm. The beam source is a voltage
stabilised, air cooled, wire coil operated at 1350 K for MIR measurements or a
voltage stabilised, air cooled, tungsten source in a quartz envelope for scans in the
NIR.
The software providing the interface between the apparatus and the user was
“Spectrum”, a PerkinElmer application designed to provide complete control over
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Table 4-2: Summary of the appropriate components of the Spectrum-GX spec-
trometer for investigations in the mid and near infrared regions.
Region Range Light Source Detector Beam Splitter
MIR 370 - 7800 cm−1 Glow Bar Deuterated Optimised KBr
TriGlycine
Sulphate
NIR 2000 - 15000 cm−1 Halogen Lamp Deuterated Quartz
TriGlycine
Sulphate
the system. All settings and scan parameters could be set through the software
interface and full initialisation and alignment completed.
Low temperature infrared spectroscopy was possible through the installation of
a home-built cryostat into the beam path. The sample was surrounded by indium
and mounted into the aperture of a copper block. This in turn was mounted onto
a larger copper arm. The temperature was measured using a silicon diode semi-
conductor resistor and a Oxford Instruments Intelligent Temperature Controller
(ITC). The cryostat contained windows made from calcium fluoride, transparent
over the region 1000-20000 cm−1 (Figure 4-9).
4.2.1 Analysis of IR spectra
The intensity of absorption by an optically active centre is proportional to the
number of absorbing centres present. The absorption coefficient is proportional to
the square of the effective electric dipole moment ∣p∣2.
Calculation of the absorption coefficient can therefore be made using Equa-
tion (4-5), where t is the path length through the sample and I0 and I are the
dipole intensities before and after passing through the sample.
µ = 2.3
t
log10 (I0I ) (4-5)
Alternatively, for diamond, the intrinsic multi-phonon absorption at 2000 cm−1
can be used to calibrate the absorption coefficient. The data are baselined and nor-
malised such that at 2000 cm−1 the absorption coefficient is equal to 12.3 cm−1 [9].
This calibration eliminates error in measuring small thicknesses and considers any
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Figure 4-9: The type of window material chosen whether for cryostats of polarisers
is dependent upon the wavelength an intensity of the radiation used. The diagram
illustrates the spectral range over which the material is optimum. (Spectrosil is
a synthetic vitreous silica, the WF variant being a water free version of B, KRS
5 is a thallium bromide-thallium iodide compound and Mylara polyester film.)
Taken from material published by Oxford Instruments - Windows for Cryogenic
Environments.
multiple reflections from within the sample.
For convolved lineshapes, once the spectra have been baselined and normalised,
any number of Lorentzian lineshapes can be fitted to the spectrum to replicate
the lineshape observed.
4.2.1.1 Nitrogen Fitting
Several common nitrogen related defects give rise to well characterised infrared
absorption spectra in the one-phonon region. Although specific calibration factors
have been determined relating absorption coefficients at a specific energy to defect
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Figure 4-10: Characteristic spectra of 14N-related centres in the one-phonon region
at room temperature. Each has been scaled to represent the absorption from 1 ppm
of the defect. The C spectrum is representative of absorption from the C-centres
(N0S defects) in diamond, X, the absorption from the N
+
S defect and A and B,
characteristic absorption of the A- and B- centres of aggregated nitrogen.
concentration, when more than one defect is present, the experimental data must
first be deconvolved into the component spectra.
Common nitrogen related defects in diamond and their concentration correla-
tion values are given below [10–13].
C-centre (14N0S): µ(1130) = 25(5) ppm per cm−1 (4-6)
X-centre (14N+S): µ(1332) = 5.5(9) ppm per cm−1 (4-7)
A-centre: µ(1282) = 16.5(9) ppm per cm−1 (4-8)
B-centre: µ(1282) = 79.4(9) ppm per cm−1 (4-9)
The spectral region from 1000–1400 cm−1 is extrapolated and fitted using mul-
tiples of the characteristic absorption spectra for the C (N0S), A (N–N), B (4N+V),
X (N+S) and D (platelet) absorption centres (Figure 4-10). The multiplying factor
used to obtain a realistic fit of the experimental data is then used in conjunction
with the correlation factors to identify the concentration of substitutional nitrogen
in each nitrogen-related centre.
When the concentration of N0S is low, fitting by the 1130 cm
−1 peak is not
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possible. Instead, the intensity of the 1344 cm−1 local vibrational mode is used [14].
This absorption feature is resolution dependent and hence the correct correlation
factor must be used [15].
4.3 Uniaxial stress
The effect of uniaxial stress on optical transitions can be used to determine the
symmetry of the defect responsible for the mode and the nature of the associated
electronic and vibrational transitions. The theoretical interpretation of uniaxial
stress spectroscopy is discussed in Chapter 3. A brief description of the experi-
mental details and sample preparation follows.
4.3.1 The stress cell
Samples were prepared such that they were free from cracks and inclusions, from
which fractures could propagate when under pressure. The crystal face orientation
was identified by EPR. The accuracy of the face plane orientation was to within±1○, confirmed by the use of Laue X-ray back-reflection diffraction.
Stress measurements were then completed using a custom built stress cell (Fig.
4-11), and samples prepared such that stress could be applied in a specific direc-
tion. The components of the uniaxial stress cell are as follows:
A. Screw cap - this ensures that a seal is maintained once the system is under
pressure
B. Inlet plate - includes a rubber O-ring. An integrated Swagelok fitting permits
quick connection of the nitrogen gas line. The gas line is a narrow diameter
tube to minimise the volume of gas held in the system at any one time.
C. Adjuster plate - sets the ram position when no pressure is applied
D. Cell Body - manufactured from thick stainless steel to manage the stored
energy from the pressurised gas. It contains the piston (area = 0.0038(1) m2)
and the ram
E. Ram rod
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Figure 4-11: An exploded image of the custom built stress cell
F. Slug - manufactured from stainless steel, it sits between the anvil and the ram
rod
G. Anvils
H. Screw cap - holds the anvils in place and acts as a resistance plate for the
building of pressure
I. External casing - includes apertures to allow a beam path to the sample and
small holes for pressure release in the event of failure
The anvils and samples were prepared in a specific, reproducible manner. Gas-
kets made from thin 0.02 mm gauge aluminium foil were cut and attached using
GE varnish to the polished and clean surfaces of the steel anvils. Cleanliness
throughout the mounting procedure was paramount, as the presence of grit could
lead to inhomogeneous application of stress and fracture propagation points. The
sample itself had foil wings applied to the non-illuminated and non-stress loaded
faces to minimise the light arriving at the detector, which had not been transmit-
ted through the sample. These were also attached using GE varnish and had to
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Figure 4-12: Transmittance profile of the Edmund Optics zinc selenide holographic
wire grid polariser for four principal materials: barium fluoride (BaF2), zinc se-
lenide (ZnSe), thallium bromoiodide (KRS-5) and germanium (Ge). Whilst the
KRS-5 polariser is best in terms of its overall performance, balancing cost and the
principal spectral range used, the zinc selenide polariser best suits the require-
ments of this investigation. This figure has been adapted from the promotional
material of Edmund Optics.
be carefully sized to match the sample length and not interfere with the seating
of the sample on the prepared anvil.
Pressurised nitrogen gas was used, monitored by a 10” pressure gauge (S.M.
Gauge Company) which could withstand a range of 0 - 350 psi at room temper-
ature. Acting on the ram rod and subsequently the anvils, the diamond was
compressed in a uniaxial direction defined by the orientation of the sample. The
incident electric field vector was polarised parallel and perpendicular to the direc-
tion of stress by an Edmund Optics zinc selenide holographic wire grid polariser.
This has an extinction ratio1 of 150:1 at 3µm and 300:1 at 10µm. The transmit-
tance profile can be seen in Figure 4-12. Spectra were collected for each orientation
before the pressure on the sample was increased.
1Extinction ratio: the ratio of the power of a plane-polarised beam transmitted through a po-
lariser placed with its polarising axis parallel to the beam’s plane compared with the transmitted
power when the polariser’s axis is perpendicular to the beam’s plane.
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4.3.2 Modelling defect structures
Modelling of defect structures was performed by Dr. Jonathan Goss of the Univer-
sity of Newcastle. Candidate structures for defects can be modelled using density-
functional calculations with the local density approximation. This is implemented
in the AIMPRO (Ab Initio Modelling Program) code.
4.3.2.1 The fundamentals of AIMPRO
In order to determine the structure of an assembly of atoms, it is required that
the Schro¨dinger equation be solved, only achievable by the application of a set
of approximations. The first is that the Schro¨dinger equation can be reduced to
an equation involving only electrons moving in a potential of fixed nuclear sites,
since the nuclear masses are so much greater than those of the electrons. This
is a result of the Born-Oppenheimer approximation. The solution provides the
structural potential energy and for dynamical quantities, the classical problem of
nuclei moving in a force field needs to be solved. However, an exact solution is
still not possible due to inter-electronic coulomb terms. If these terms are ignored,
an exact wavefunction can be written but this extreme approximation hinders the
power of this method. Various modifications have been proposed to include these
interactions: the Hartree-Fock theory (HFT) and density functional theory (DFT).
These modifications use an average electrostatic potential over the positions
of other electrons rather than summing the specific interactions between two elec-
trons. The Scho¨dinger equation is thus separable and the effective potential is
composed of the Hartree potential, the electrostatic potential due to the electron
density of charge at a point and the exchange-correlation potential. The defi-
nition of the exchange-correlation potential differentiates the two theories; it is
determined either by all of the orbitals, as in the HFT, or only by the electron
density, as with DFT. However, the precise dependence of density is unknown
except for a homogenous gas. Therefore, it is assumed that at a point r, the
exchange-correlation potential is given by a homogenous gas value involving the
density n(r) at the same point r. This is local density functional theory (LDFT).
For high electron densities, it can be shown that the exchange-correlation poten-
tial is proportional to n
1
3 and therefore this is also applicable for the potential at a
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given r. AIMPRO uses LDFT and therefore the electron density is a fundamental
quantity.
The problem is now simplified to a situation considering one electron and that
electron’s interaction with all other ions. Core electrons are bound close to ions and
do not contribute to bonding. These can therefore be removed from the calculation
by the use of pseudopotentials which will have no core states. Pseudopotentials
due to Bachelet, Hamann and Schlu¨ter (BHS) are utilised in AIMPRO [16].
The simplified Schro¨dinger equation can then be expanded in terms of a basis
chosen as either plane waves of Cartesian Gaussian orbitals. For the work pre-
sented here, the wave function basis consists of atom-centred Gaussians. In prac-
tice, they are centred at the nuclei. If ni = 0, the orbitals are called s-Gaussian
orbitals and are simply spherical; if one is unity and the others zero, then the
functions are p-Gaussian orbitals and if the sum of ni is 2, the set of six orbitals
generate five d-orbitals and one s-orbital. Solution of the Hamiltonian then gener-
ates the output charge density. From this, the structural energy can be calculated
and the forces on each atom found. Through small movements in the atoms, a
minimum energy can be calculated, called the relaxation of the assembly of atoms.
For the use of AIMPRO, the following is required:
 the positions of the atoms in the cluster
 the basis to be used for the wavefunction and charge density
 the electronic configuration
 the identities of the atoms that are to be relaxed
The output of such modelling can provide the structure energy, electronic levels
and positions of the atoms.
4.3.2.2 AIMPRO specifics for the modelling of the defects of this work
In this work, carbon is treated using fixed linear-combinations of s- and p-orbitals
with the addition of d-orbitals to allow for polarisation effects to be computed.
This gives a total of thirteen functions per atom. Nitrogen is treated using inde-
pendents sets of s-, p- and d-orbitals with four widths and yielding forty functions
per atom. The charge density is Fourier-transformed, using plane-waves with a
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cut-off of 350 Ry. The defects are represented using periodic boundary conditions
with cells of 64 host sites in a simple cubic arrangement, with a periodic length
of 2a0. The Brillouin-zone is sampled using the Monkhorst-Pack scheme with a
uniform mesh of 2 × 2 × 2 special k-points. When a denser sample of 4 × 4 × 4 was
considered, very small quantitative differences (< 0.2 meV/atom) was observed
suggesting the 2 × 2 × 2 representation to sufficiently converge.
Deformation of the supercell under strain, representing the application of stress
to the defect, assumed an isotropic, homogeneous elastic medium. This was char-
acterised by Young’s Modulus, for which a value of 1223 GPa [17] was used and
the Poisson ratio, with a value of 0.1 [18]. For varying strains, force constants
were obtained by displacing atoms in each of the x, y and z directions by 0.026 A˚
and evaluating the forces on each of the atoms in the cell. Therefore, second
derivatives of the energy with respect to displacement can be obtained employing
a finite difference formula using the analytic forces and the quasi-harmonic dy-
namical matrix. Diagonalisation yielded vibrational frequencies as a function of
strain or as a function of stress, using the Young’s Modulus.
4.4 Electron paramagnetic resonance (continu-
ous wave)
Quantitative electron paramagnetic resonance (EPR) experiments were completed
using the Bruker EMX and EMX-E X-band systems at 9.7 GHz. These two sys-
tems are very similar, made up of a number of components which work to guide
microwaves generated from a source with a fixed frequency into a resonant cavity.
The magnetic field is then swept over a range to stimulate absorption by specific
defects. The fundamental components of the EPR spectrometer are outlined in
Figure 4-13.
4.4.1 The microwave bridge
The microwave bridge (Figure 4-14) houses the source, a Gunn diode, the output
power of which is controlled accurately by a variable attenuator. Most EPR sys-
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Figure 4-13: A block diagram of a Bruker EPR spectrometer. Detailed views of
the components and bridge can be seen in Figure 4-14. This diagram is based
upon that provided in the Bruker EMX User’s Manual [19].
Figure 4-14: The principal components of an EPR spectrometer. This is repre-
sentative of the typical spectrometers used for this research.
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tems are reflection spectrometers, measuring changes in the reflected power from
a cavity housing the sample. The circulator is therefore a critical component,
ensuring that microwaves entering at port 1 are directed only towards the cavity
and reflected microwaves from the cavity can then be directed only through port 3
to the detector. The reflected microwave signal is detected by a Shottkey barrier
diode, which is biased by approximately 1 mW power from the reference arm, such
that the diode output is linearly proportional to the reflected power/EPR signal.
For the EMX system, a Bruker ER041XG bridge was used which has a max-
imum attenuation of 60 dB (2 × 10−4 mW). For the EMX-E system, it was usual
for a 90 dB (2 × 10−7 mW) bridge to be employed (ER041XG-H). The latter was
essential for defects which easily saturated (had long T1 such that the Boltzmann
population distribution was not maintained), even at low microwave powers.
For all systems, frequency monitoring was performed by an EIP Microwave
Inc. 545A microwave frequency counter. Experiments monitoring frequency fluc-
tuations over long periods (days), indicated a typical drift of less than 150 kHz
(< 0.05 G).
4.4.2 The cavity
The cavity design is critical to amplify weak signals from a sample. It may vary
in shape and construction, each design having specific properties and sensitivities.
At a resonant frequency, no microwaves are reflected back from the cavity and
the system is said to be critically coupled. At this point, the impedance of the
waveguide and cavity are matched. This is achieved by modifying the iris size
between the cavity and the waveguide, controlling the amount of reflected mi-
crowaves. When off resonance, it is important to diminish any sources of reflected
power.
To remain coupled, it is essential that the microwave source remains matched to
the resonant frequency of the cavity. Changes in environmental temperature and
other local factors can cause the frequency to drift from its optimum position for
a given cavity. An automatic frequency control (AFC) unit is therefore utilised
to counteract this drift, employing a feedback loop to lock the frequency at its
optimum value at the centre of the cavity mode.
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Figure 4-15: A schematic of the cylindrical TE011 cavity highlighting the electric
and magnetic fields (E1 and B1).
A cavity is characterised by how efficiently microwave energy is stored, giving
it its Q factor. Sensitivity increases with Q, which can be defined as:
Q = 2pi (energy stored)
energy dissipated per cycle
(4-10)
Energy is commonly lost through the side walls of the cavity; microwaves
generate electrical currents in the side walls which in turn create heat.
The sample is positioned in the cavity at a point where the magnetic field
component of the microwave field is at a maximum and the electric field is at
a minimum. This is in order to efficiently drive the magnetic-dipole transitions
and minimise the dielectric losses, which have a significant negative effect on the
resulting signal-to-noise ratio.
Cavities can vary greatly in design. The naming convention is according to the
mode that the cavity supports.
 TE - transverse electric
 TM - transverse magnetic
In addition, subscript numbers are used to denote the number of half wave-
lengths along the three dimensions. Most commonly used in this thesis are the
Bruker super-high Q (SHQ) ER4122 spherical TE011 cavity, a Bruker ER4105DR
TE104 rectangular cavity and an EX-102 TE011 cylindrical cavity (Figure 4-15).
Within the cavity, the sample is mounted on either a single or dual axis rod
within a goniometer as illustrated in Figure 4-16. These combinations of sample
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Twin-axis sample mount
Single-axis sample mount
3.8 mm ID
6.0 mm ID
90° ledge
2.8 mm ID
54.7° ledge
45° ledge
50 mm
Oxford instruments manual goniometer Bruker automatic goniometer
Figure 4-16: An illustration of the goniometers and sample mounts used in con-
junction with cavities for the EPR experiments of this thesis.
rods and goniometers permit the manipulation of samples into any desired plane
relative to the magnetic field. The single axis rods are formed from a German
silver2 and brass rod with detachable Rexolite3 end piece, with varying ledge
angles. The dual axis rods formed of the same material, with a variety of wheels
attached to the Rexalite rod by a thin piece of cotton. Variations in wheel size
permitted a range of sample sizes to be easily inserted. Samples greater than 5 mm
required the use of the single axis system. Samples were attached to the single
axis rods and held in the dual axis wheels by a thin layer of vacuum grease, which
produces no EPR signal in the regions of interest.
2German silver is an alloy of copper, silver and nickel with varying percentage contributions
with a low thermal conductivity.
3Rexalite is a cross linked polystyrene microwave plastic, with a constant dielectric constant
of 2.53 through to 500 GHz. Extremely low microwave dissipation factors make it ideal for use
in microwave environments.
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4.4.3 Magnetic field modulation and recording a spectrum
When the resonance condition is met for a defect, reflected microwaves are re-
turned to the bridge and directed towards the detector. The detector is biased
with 1 mW power by the reference arm and a phase shifter ensures that the mi-
crowaves from the reference arm are in-phase with the reflected microwaves from
the cavity.
Phase sensitive detection enhances the signal-to-noise ratio. The magnetic
field is modulated with an amplitude Bm at a frequency νm. A small amplitude
magnetic field modulation, typically at a frequency of 100 KHz, is superimposed
onto the large Zeeman field. This modulation is transferred to the microwave
signal observed upon detection of an EPR transition (Figure 4-17).
Modulation broadening can occur when the modulation field is greater than
the linewidth of the signal. Intentional over modulating can have the benefit of
reducing saturation effects by spreading the same number of spins over a larger
field and reducing the number of spins per Gauss (Figure 4.17(b)). However,
the signal strength may subsequently fall below the detection level and hence an
appropriate balance must be found.
Defect concentration can be determined from the resulting spectrum. The con-
centration of a particular paramagnetic defect is proportional to the integrated
intensity of all the EPR absorption lines that originate from that defect. A spe-
cific sample acts as a reference for all EPR experiments, having a known defect
concentration. For a given experiment, the integrated intensity for that number
of spins can be found and compared to the unknown defect signal. A number of
factors can effect the intensity of a given centre including: spin (S) and electronic
g factor, incident microwave power (PµW), microwave detector gain (G), acquisi-
tion time (taq), modulation amplitude (Bm), cavity Q-factor, cavity filling factor
and the number of scans acquired (N).
In the absence of power saturation, the EPR signal intensity is proportional to
the incident microwave power. Both the reference and the sample spectra must be
taken at powers which do not saturate the signal. The concentration of a defect
in a sample, [C], can be calculated from the concentration of a known defect in
the reference sample, [ref] by Equation (4-11), where I is the integrated intensity
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(a) (b)
Figure 4-17: (a) Resonant microwave absorption and the resultant derivative spec-
trum. As the signal is sampled at different points, the resultant gradient changes,
leading to the first derivative lineshape. (b) An excessive field modulation ampli-
tude leads to distortions of the signal.
of the signal. It is assumed that the Q-factor and the filling factor do not vary
between the reference and sample scans.
[C] = [ref] IC
Iref
¿ÁÁÀ(PµW)ref(PµW)C MrefMC (Bm)ref(Bm)C g2refg2C S(S + 1)refS(S + 1)C (taq)ref(taq)C GrefGC NrefNC (4-11)
The reference sample used for the studies of this thesis was an HPHT grown,
type Ib single sector sample, with a total nitrogen concentration of 240(10) ppm.
This had been determined by FTIR measurements.
4.5 Photoluminescence spectroscopy
Photoluminescence (PL) experiments were performed using a Renishaw Raman In-
Via Microscope system that utilised an argon laser excitation at 514.5 nm. Using
liquid helium to cool the system, measurements were made at temperatures from
4 K, implementing a continuous flow microstat from the Oxford Instruments range
(Figure 4-18). This could be employed for Raman and PL experiments.
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Figure 4-18: Photograph of the Oxford Instruments continuous flow liquid helium
microstat.
Temperature control was made using a Rh-Fe thermocouple and connected to
a calibrated Oxford Instruments Intelligent Temperature Controller (ITC-4). In
addition, gas flow was regulated by an Oxford Instruments Gas Flow Controller
(VC30). Together, these instruments maintained the optimum conditions for He-
lium flow, to maintain a controlled and steady temperature with minimal liquid
usage.
Samples were mounted by silver dag, attaching them to a copper sample holder.
This was in turn attached a copper block, permitting good conductivity of heat
between the sample, the internal heater and the thermocouple. For low tempera-
ture measurements, a heat shield was installed around the sample arm, to reflect
incident radiation and before cooling, the microstat was evacuated and the sample
region purged with a helium gas for heat exchange.
In processing, spectra are normalised with respect to the Raman line, the inten-
sity of which varies linearly with the laser power being employed. A series of laser
wavelengths are available between two spectrometers: 325 (HeCd), 442 (HeCd),
514 (Ar+), 633 (HeNe) and 785 nm (solid state). Light from the laser is directed
by a series of mirrors through the lens of a confocal microscope. This focuses the
laser onto the mounted sample. The resulting emitted light is then collected by
the objective and collimated, passing through a notch filter (the characteristics of
which are dependent upon the exciting laser wavelength) and focussing onto the
entrance slit of the spectrometer and the detector (Figure 4-19).
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Figure 4-19: Schematic of the optics within the Renishaw PL spectrometers.
4.6 UV-Vis optical absorption spectroscopy
Ultraviolet-visible / near infrared (UV-Vis/NIR) optical absorption measurements
were taken using a PerkinElmer Lambda 1050 spectrophotometer, over a range of
175–3300 nm. The spectrophotometer included a 3-detector module, permitting
the use of photomultiplier tube (PMT), Peltier-cooled Indium Gallium Arsenide
(InGaAs) and Peltier-cooled Lead Sulphide (PbS) detectors.
Experiments were carried out at either 4 K or 77 K, cooled by liquid Helium.
An Oxford Instruments continuous flow cryostat with a silicon diode thermocou-
ple calibrated by the ITC, were used. Samples were mounted by compacting
indium around the sample in the aperture, maximising the light throughput and
examining the entire sample.
A helium exchange gas surrounded the sample, acting to efficiently exchange
heat with the liquid helium circulating the cryostat. This also purged the air,
removing moisture which would otherwise cause condensation on the optical win-
dows when the cryostat was cooled. Before experiments began, the system was
left for 30 minutes once at temperature, to reach an equilibrium.
For investigations, spectra were collected between 1050 nm and 200 nm at an
interval of 0.2 nm. Detector changes were set to occur at wavelengths away from
key absorption features. In order to best balance the reference beam and sample
beam, apertures of a size comparable to the sample were used with no additional
attenuation of the beam intensity. The gain and response times of the detectors
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Data Collection
The information on the Data Collection page depends on the type of task you are creating. This page contains all the instrument settings
that can be user-defined.
For information about each of the settings, please see the High Performance Instruments section of the UV WinLab Help, which can be
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Figure 4-20: Generic settings and schematic of the beam path for the Lambda
1050 Spectrometer [20].
were set so as to optimise the spectra recorded with regards to noise and sensitivity.
4.7 Irradiation
During this thesis, both electron and neutron irradiation experiments are per-
formed.
4.7.1 Electron irradiation
Electron irradiation was carried out the Isotron facility in South Marston, Wilt-
shire. Isotron provided two sources, 3 mA and 30 mA with experiments being
completed at room temperature.
Using the 1.5 MeV source, electron irradiation doses could be calculated from
previous calibration experiments (Table 4-3). At the facility, the samples to be
irradiated were mounted in indium on a copper block cooled by circulating mains
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Table 4-3: A table outlining the exposure conditions for specific doses. From this,
other similar doses can be calculated. These calibration experiments have been
completed by the DTC Research Centre.
Dose (e−cm−2) Source Exposure Time
1Ö1015 3 mA 2 minutes 30 seconds
1Ö1017 30 mA 28 minutes 17 seconds
5Ö1017 30 mA 2 hours 21 minutes 25 seconds
water. This ensured that the sample temperature was not greater than 200.
4.7.2 Neutron irradiation
Neutron irradiation experiments were performed at that Hoger Onderwijs Reactor
at the Delft University of Technology in the Netherlands. The BigBeBe facility
was employed, which has a fast flux of 5.9×1012 neutrons per cm2 per second over
an energy range of 1 keV to 30 MeV, with the peak at approximately 1 MeV.
Samples were thoroughly cleaned and checked prior to irradiation, removing
any surface impurity and ensuring that they were inclusion free. Samples were
mounted within a quartz ampoule, which was then sealed and entered into the
reactor. The atmosphere within the ampoule was ambient air. The ampoule
was irradiated for 24 hours to achieve a dose of 5×1017 neutrons per cm2 at room
temperature. However, the local sample temperature was likely to have been
approximately 200 due to localised heating from neutron collisions.
4.8 Sample preparation
4.8.1 Sample cleaning
Samples were cleaned by heating in a supersaturated solution of concentrated
sulphuric acid and potassium nitrate to a temperature of 300, allowed to cool
and washed in a heated solution of sulphuric acid to remove any excess potassium
nitrate crystals. They were rinsed in de-ionised water and stored between sheets
of lint-free cloth in a membrane box.
When samples were indium mounted for optical spectroscopy, sample faces
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were washed with acetone once mounted, to minimise the presence of grease that
may have subsequently been deposited since cleaning. In some instances this left
a residue on the surface of the sample, observable in PL spectroscopy.
After preparation for uniaxial stress experiments, samples were scrutinised
under a microscope to identify and remove with a scalpel any evidence of GE
varnish on the sample faces. GE varnish is strongly absorbing in the infrared.
Faces were also washed with acetone to remove grease also strongly absorbing in
the IR region.
4.8.2 Sample cutting and polishing
Laser cutting and polishing were used to prepare the samples for HPHT annealing.
Post annealing, polishing was also performed to remove etched surfaces prior to
optical spectroscopy measurements. Diamond polishing was carried out using a
conventional diamond sceife. Samples with carefully orientated parallel faces were
prepared for uniaxial stress studies from the diamonds supplied for this research.
For these samples, the face plane orientation was required to be less than ±1○ off of
the desired plane. This was confirmed by Laue back-reflection of X-ray diffraction.
By assessing the diffraction pattern attained from the crystal, adjustments to the
tang mounting of the sample were made, ensuring that the polishing was parallel
to the desired plane. All samples were polished such that they were free from
inclusions, cracks and chips as apparent by ×10 magnification.
For all other samples, a near parallel orientation, as judged by eye, was suffi-
cient. The surface was polished so as to achieve a mirror finish but the removal of
all polishing marks was not essential.
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Chapter5
Substitutional Nitrogen in Diamond
This chapter will present the uniaxial stress work performed to identify the sym-
metry and nature of two local vibrational modes in diamond attributed to single
substitutional nitrogen defects. Also presented are absorption spectra for 15N+S
and 15N0S.
5.1 Introduction and motivation
Nitrogen is the most common impurity found in diamond and is a constituent of
many commonly observed defects. It is such a significant impurity, that classifi-
cation of diamond stems from the inclusion of nitrogen in the lattice. Owing to
its prominence, it is essential to understand its influence on the properties of the
material, its behaviour under a range of treatments and its interaction with other
potential defects in the lattice. This chapter focuses on furthering the understand-
ing of the 1344 cm−1 and 1332 cm−1 local vibrational modes (LVMs), characteristic
of single substitutional nitrogen.
5.2 A review of substitutional nitrogen in dia-
mond
Nitrogen in diamond is an extensively studied area owing to its common incor-
poration in natural, CVD and HPHT synthesis processes, usually as a result of
atmospheric gasses or impurities of the source materials. Nitrogen incorporates in
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Figure 5-1: An illustration of the structure of N0S.
an atomically dispersed state in diamond during growth (Figure 5-1). For natural
diamond, the long period located sub-surface in high temperature and pressure
environments, leads to the migration and aggregation of nitrogen into clusters
(type Ia). For CVD-grown synthetic samples, the combination of temperatures
and time required for growth is often insufficient to lead to substantial aggregation
of the dispersed nitrogen atoms and hence it is more common that samples will
be of type Ib. However, for HPHT synthesis at higher temperatures, aggregation
during growth may occur.
A nitrogen getter [1–3] may be included with the source materials of HPHT
growth to reduce the concentration of nitrogen taken into the diamond. The
disadvantage is that some part of the getter material may become incorporated
into the final diamond. For CVD growth, nitrogen incorporation is easier to
control, by maximising the purity of source gases and purging the growth chamber
to remove atmospheric gasses.
5.2.1 Detection by electron paramagnetic resonance (EPR)
It was by EPR that the presence of nitrogen in diamond was first identified [4,
5]. Several characteristics make nitrogen an easy defect to recognise by EPR.
The odd number of electrons creates a source of unpaired electrons, making the
centre paramagnetic and the near 100% abundance of 14N with a nuclear spin of
1 and provides a distinct signature for this defect [4, 6]. Much of the structural
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information concerning N0S has been established by EPR studies.
For N0S, the g factor is isotropic at 2.0024 ± 0.0005. There are four equally
abundant C–N bonds and the donor electron occupies an anti-bonding orbital on a
nitrogen atom and a nearest neighbour carbon atom [4]. The result is a significant
bond distortion, an elongation of 28%, identified by theory and experiment [6, 7].
Subsequently, measurements of nitrogen rich and deficient regions of diamond,
indicate a 40% increase in volume occupied by the N0S defect [8]. An elongation in
one of the ⟨111⟩ direction results, giving the C3v symmetry identified by EPR [4].
The relaxation of this bonding from Td to C3v results in nitrogen being a deep
donor [9–13].
For a given site of the nitrogen atom, there are four different relaxations avail-
able. Each of the orientations of the centre can be uniquely identified by EPR by
their different hyperfine interactions with the central nitrogen nucleus. If no lattice
strain or additional interactions from impurities exist, the four defect orientations
are equivalent in energy and will occur with equal probability. At temperatures
greater than 600 K, motional averaging occurs of the N0S centre. The unpaired elec-
tron hops between the four N–C bonds and at 1200 K, the hopping is so rapid that
an average of all possible sites is observed. The reorientation activation energy is
reported as 0.7(1) eV [14].
Additionally, the application of external stress to the diamond can lift degen-
eracy, inducing an alignment of the centres [15]. Studies by Ammerlaan showed
that the application of 2 GPa of stress in the ⟨110⟩ direction at 142 K, resulted in
the increase in concentration of energetically favourable directions over the higher
energy configurations by up to 50% [15]. Two processes were identified as gov-
erning the reorientation; at high temperatures, the reorientation was thermally
activated, whereas low temperatures saw a tunnelling mechanism determining the
reorientation rate.
5.2.2 Detection by optical spectroscopy
The presence of nitrogen induces characteristic absorption in the infrared, visible
and ultraviolet regions [16]. The addition of the nitrogen impurity destroys the
lattice symmetry, permitting absorption in the one-phonon region and for a di-
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amond of natural abundance of nitrogen, a maximum at 1130 cm−1 is observed,
with a sharp peak at 1344 cm−1. The intensity of these lines has been shown to
be related and to originate from the same defect [17], although their relative in-
tensities depend substantially upon the resolution of the spectrum [18]. Isotopic
substitution experiments identified a red shift of 15 cm−1 of the 1130 cm−1 absorp-
tion feature upon substitution of 14N with 15N in the diamond [17]. The frequency
ratio (0.99) is very close to that expected for a C–N vibration. No shift in the
1344 cm−1 absorption feature is observed upon isotopic substitution of nitrogen.
However, for diamond enriched with 13C, there is a shift of the 1344 cm−1 mode
to 1292 cm−1 [19], suggesting the 1344 cm−1 mode to originate from a pure car-
bon vibration. The intensity of these features can be used to characterise the
concentration of nitrogen within the diamond. 1 cm−1 absorption at 1130 cm−1 is
produced by 25±2 ppm of N0S centres [20]. The first overtone of the 1344 cm−1
vibrational mode is detected at 2688 cm−1 [17].
N0S can donate an electron if the diamond contains a suitable acceptor. A
diamagnetic centre results (N+S), sitting on the lattice site, forming four identical
bonds to the neighbouring carbon atoms. In a spectral scan of 1 cm−1 resolution,
1 cm−1 absorption at 1332 cm−1 from the N+S centre is produced by 5.5±1 ppm of N+S
centres. The sharp 1332 cm−1 mode is accompanied by further features at 1115,
1046 and 950 cm−1 [21].
In the visible region of the spectrum, absorption is observed from 1.7 eV, ris-
ing continuously to the band edge [22]. The concentration of N0S is correlated to
the integrated intensity of a broad feature at 4.6 eV (270 nm) [16] resulting from
mainly vibronic transitions at this defect [18], although background absorption can
increase inaccuracy in calculation. The onset of the optical absorption and pho-
toconductivity measurements, have placed the deep nitrogen donor level at 1.7 eV
below the conduction band [9]. Further measurements on CVD-grown diamond
suggest a photoionisation energy of N0S of 2.2 eV [23].
5.2.3 Migration and aggregation of nitrogen
A plethora of defects resulting from the migration and aggregation of nitrogen
are observed in diamond. At temperatures greater than 1700, nitrogen atoms
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can migrate through the lattice leading to aggregation and the formation of A-
centres [24]. By heating at 1900 under a stabilising pressure of 6 GPa for 1 hour,
an 80% conversion of single nitrogen atoms to A-centres can be achieved [25]. The
effect of irradiation introduces vacancies and interstitials into the lattice, leading
to the donation of an electron from N0S, forming N
+
S and the negatively charged
vacancy (V−) and possible interstitial defects. The presence of vacancies within
the lattice can also lead to vacancy enhanced migration and aggregation of nitro-
gen (Equation (5-1)). The process involves the multiple release and re-trapping
of vacancies, permitting the nitrogen atom to more readily migrate through the
lattice and for A-centres to form at lower temperatures, of the order of 1500 [26].
N +V → NV
NV → VN
VN→ V +N...
...NV +N→ VN +N→ V +N −N
(5-1)
In a similar way to the calculation for the concentration of N0S and N
+
S, the
defect induced one-phonon region of the infrared spectrum can be deconvolved to
isolate the absorptions resulting from the A-centres in the diamond lattice [24, 27].
1 cm−1 absorption at 1282 cm−1 for 14N diamond, results from a concentration of
17.5 ppm of nitrogen in A-centre form [28]. The 1282 cm−1 absorption feature
in 14N diamond is common to both A-centre and B-centre aggregates. For the
spectrum of B-centres, there is commonly the addition of the 1370 cm−1 absorption
peak, indicative of platelets which is not present in the A-centre spectrum.
5.2.4 Sector dependence of nitrogen uptake
Synthetic diamond can grow with concentrations of several hundreds of parts
nitrogen per million carbon atoms. In general, synthetic diamond grows with a
morphology that is cubo-octahedral [2], although variations in growth temperature
and solvent/catalyst chemistries can modify this [29]. The uptake of nitrogen is
greatest in the ⟨111⟩ sectors, although at low temperatures, the concentration of
nitrogen in the ⟨001⟩ sectors can exceed that of the ⟨111⟩ [30]. Since the majority
of techniques investigate the bulk average properties, consideration may need to
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be given to the specific environment of a defect and whether it has some sector
dependence. An example of this is with the WAR9 and WAR10 defects which are
only observed in low nitrogen sectors. In high nitrogen regions, the defects are
thought to be in their negative charge state.
5.3 Experimental detail
For uniaxial stress experiments investigating the N0S absorption feature, two HPHT
grown 15N samples (samples A and B) were used. The single substitutional nitro-
gen concentration was 160 ppm and 150 ppm respectively, as determined by EPR
and each sample had similar dimensions (1.0 mm by 1.1 mm by 2.1 mm). Sample
A was cut such that stress could be applied along the ⟨001⟩ and ⟨110⟩ directions,
with sample B cut for stress along the ⟨111⟩ direction. The experimental detail
considering uniaxial stress experiments is outlined in Chapter 4.
The accuracy of the face plane orientation for all these samples prepared for
stress was to within ±1○. Accuracy in the face plane was observed by Laue X-ray
back-reflection diffraction. Samples were polished such that they were free from
inclusions, cracks and chips, as apparent by ×10 magnification. This minimised
the risk of cleaving or fracture of the samples under stress. Uniaxial stress experi-
ments were conducted at room temperature at an infrared absorption spectroscopy
resolution of 1 cm−1 resolution.
For investigation of the LVM attributed to the N+S defect, two CVD grown 14N
samples were used (samples C and D). Each had an approximate concentration
of N0S of 15 ppm and N
+
S of 5 ppm. The low N
0
S concentration ensured clarity in
distinguishing the shift of N+S under stress from the 1344 cm−1 absorption band.
To consider the isotopic substitution behaviour of N+S, a further sample (sample
F) approximately 95% enriched with 15N was irradiated with a dose of 1.5 × 1018
1.5 MeV electrons per cm2 to form the N+S defect and compared to sample E of
natural abundance of 14N, irradiated with 1 × 1018 1.5 MeV electrons per cm2.
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Figure 5-2: A comparison of substitutional nitrogen component spectra. The
figure highlights the absorption spectra which result wholly from either N0S or N
+
S
and in addition, shows spectra for a sample with nitrogen in natural abundance
and sample enriched with ∼95% 15N. These spectra have been scaled to have an
intensity of 1 by their most prominent feature (either 1344 cm−1 or 1332 cm−1) and
offset for clarity.
5.4 Results and analysis
5.4.1 Isotopic substitution effects on substitutional nitro-
gen absorption features
The absorption spectrum attributable to the N+S defect has been identified by
the subtraction of the characteristic N0S and two-phonon features from a post
irradiation spectrum. Figure 5-2 shows the variation in spectra for the N0S and
N+S defects in the one-phonon region for samples enriched with 14N and 15N. The
result for N0S agrees with isotopic shifts published in the literature [17] and provides
new information with regard to the N+S defect.
The observed shift in the absorption features of the spectra result from the
change in mass directly influencing the vibrational frequency of the bond. The
effect of isotopic substitution on vibration frequency is discussed in Chapter 2.
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Upon isotopic substitution, the shift in the vibration frequency can be estimated
using ω1/ω2 = √m2/m1, considering the atoms as masses on a spring. If the
effective mass is equal to the mass of nitrogen, resultant vibrational frequency
would be ω1/√m2/m1. If the atoms in the diamond bond into the lattice, this
value becomes an upper limit for the change of the vibrational frequency. For
vibrations in the one-phonon region, the shift is therefore seen to be less than that
predicted by this model.
Figure 5-2 highlights the relative complexity of the N+S spectra compared to
that of the N0S defect. In addition to the sharp mode at 1332 cm
−1, attributed to a
pure carbon vibration, it is apparent that several weaker features shift to a lower
wavenumber. The broad absorption at 950 cm−1 becomes centred at 940 cm−1 in
the 15N enriched sample and a further broad absorption at 1046 cm−1 is seen to
shift to 1040 cm−1.
Whilst literature discusses the presence of N+S and its associated spectrum, no
previous record exists of the influence of isotopic substitution on these features.
The complexity of the spectrum and isotope shifts of these nitrogen defects is now
evident but further work is required.
5.4.1.1 Developments in quantification of nitrogen in isotopically en-
riched samples
Deconvolution of the one-phonon region of the diamond spectrum has permitted
the development of a more accurate way to assess the nitrogen content of samples
and the various forms.
A fitter program is set with normalised spectra of all components. The relation
is known between the intensity at a particular wavenumber and the concentration
of each defect, such that the total concentration can be calculated. These values
can be found in the literature for the 14N defects of diamond in the one-phonon
region [20, 21, 31, 32].
14N0S: µ(1130) = 25(5)ppm per cm−1
14N+S: µ(1332) = 5.5(9) ppm per cm−1
A-centre: µ(1282) = 16.5(9) ppm per cm−1
B-centre: µ(1282) = 79.4(9) ppm per cm−1
(5-2)
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Figure 5-3: A comparison of the concentration of 15N in diamond with the inten-
sity of the 1121 cm−1 and 1344 cm−1 vibrational modes attributed to the N0S defect.
A linear correlation is expected in both instances as illustrated. A linear fit pass-
ing through the origin provides a relation between the absorption coefficient of
the mode and the concentration of N0S which is calculated as 27(2) ppm per cm
−1
and 42(3) ppm per cm−1 for 1121 cm−1 and 1344 cm−1 respectively. Spectra were
collected at room temperature and at a resolution of 1 cm−1.
Noting that the primary absorption feature for both the A-centre and B-centre
forms of aggregated nitrogen are at 1282 cm−1, care must be taken in the assign-
ment of concentration values. In order to develop the fitter to also include 15N
defects, it must first be assessed whether the isotopic substitution alters the rela-
tive intensity of the vibrational modes.
The concentration of paramagnetic 15N0S can be easily determined by EPR.
15N0S
is a I=12 defect compared to I= 1 for 14N0S, resulting in a two line spectrum from the
hyperfine splitting as opposed to three. In comparing this to the intensity of the
1121 cm−1 line from the one-phonon region spectra of a near-100% 15N diamond,
it is possible to assess the effect of the changed mass on the oscillator strength
and spring constant of the defect.
This study has found, considering the 15N equivalent defect, a correlation factor
of 27(2) ppm per cm−1 between the intensity of 1121 cm−1 absorption feature and
the concentration of nitrogen atoms in the P1 (N0S) EPR centre (Figure 5.3(a)).
This is within error of the correlation value published for 14N0S (Equation 5-2).
Results of lower concentrations are determinable from the 1344 cm−1 LVM as a
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Table 5-1: Concentration relation of N0S and the 1344 cm
−1 local vibrational mode.
The absorbance of the 1131 cm−1absorption peak (in 14N diamond) has been shown
to correlate with that of the 1344 cm−1 band and it can now been seen that the
resolution of the spectrometer has a significant effect on the calculation of the
concentration result [33].
Resolution cm−1 µ1130/µ1344 [N0S] per cm−1 absorbance at 1344 cm−1
0.5 1.2(1) 30
1 1.5(1) 37
2 1.7(1) 42
4 2.6(2) 65
result of its sharper lineshape. The 1344 cm−1 LVM is better resolved at low
concentrations compared to the 1121 cm−1 mode (15N). The broad lineshape of
the 1121 cm−1 also leads to greater error in the quantification of its intensity.
The 1344 cm−1 LVM correlates with the absorption at 1130/1121 cm−1. Since
it is significantly sharper and its lineshape clearer to fit, this would be a more
accurate method of calculation. Hunt notes that the linewidth of this absorption
band varies significantly with experimental resolution of the infrared spectrometer
(Table 5-1) [33].
It is substantially more difficult to assess the concentration correlation value
for 15N+S and 15A-centre. In order to generate significant concentrations of the N+S
centre, it would be required for the sample to be irradiated. This will introduce
vacancies and interstitials into the lattice and whilst the vacancy can act as a
charge acceptor for the electron, generating N+S, other defects involving nitrogen
may form, such that the sum of nitrogen in the N+S and N0S defects is not repre-
sentative of the total. Since N+S is diamagnetic, it cannot be detected by EPR
measurements; nor can A-centres. However, infrared spectra can be deconvolved
through the subtraction of N0S to identify the A-centre spectrum for
15N samples
(Figure 5-4).
The result of this study is that the substitution of 14N with 15N atoms does
not lead to a substantial change in the oscillator strength of the defect for N0S.
Therefore, in this thesis, the values published in literature for all the 14N defects
will be used for the calculation of the concentrations of the 15N variants.
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Figure 5-4: A comparison of the component spectra at room temperature of
nitrogen-related defects in the infrared one-phonon region. The figure highlights
the absorption spectra which result wholly from N0S, N
+
S and the A-centre in both
the 14N and 15N forms. These samples have either natural abundance ratios of
14N and 15N or have been enriched with approximately 95% 15N. These spectra
have been scaled to have an intensity of 1 cm−1 by their most prominent feature
and offset for clarity.
5.4.2 The effect of uniaxial stress on single substitutional
nitrogen
5.4.2.1 The neutral single substitutional nitrogen defect
The uniaxial stress experiments of this study have highlighted the need for the
application of stress at >3 GPa, for the effects of stress, noted by the resolvable
shift and split of absorption features, to be apparent and quantifiable. This is
higher than previously reported, where no apparent shift in the 1344 cm−1 absorp-
tion band was observed when the applied stress was of the order of 1.2 GPa [35].
The absence of any detectable shift was concluded to be a result of the vibra-
tional nature of the absorption band being observed, rather than electronic, which
previous stress studies had probed. Vibrational lines would still split, lifting the
vibrational and orientational degeneracy of the centre but would require a signif-
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Figure 5-5: The effect of stress upon the local vibrational mode at 1344 cm−1,
attributed to single substitutional nitrogen in 15N type Ib diamond. The left
column illustrates spectra taken at room temperature and attained at 4.3 GPa,
3.7 GPa and 3.2 GPa for σ ∥ ⟨001⟩, ⟨111⟩ and ⟨110⟩ directions respectively. These
have been baselined, corrected to 12.3 cm−1 at 2000 cm−1 and offset for clarity.
Spectra (a) and (b) in each represent the sample under stress resulting from (a)
parallel and (b) perpendicular polarisation of the electric-field vector and spectrum
(c) represents the unperturbed sample. The relative intensities of the transitions
is indicated. The right column illustrates the transition frequencies as a function
of stress compared to the best fit parameters from all the data for an A → E
transition at a C3v centre (Table 5-2).
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Table 5-2: Tabulated shift and splitting patterns for a C3v centre displaying an
A→ E transition [34]. See also Appendix B.
Direction Transition Energy E∥:E⊥
[001] h̵ω + (A1 − 2B)σ 4:1
h̵ω + (A1 + 2B)σ 0:3
[111] h̵ω + (A1 + 2A2)σ 0:6
h̵ω + 13(3A1 − 2A2 − 4C)σ 16:1
h̵ω + 13(3A1 − 2A2 + 4C)σ 0:9
E110:E001:E11¯0
[110] h̵ω + (A1 +A2 −B +C)σ 0:0:3
h̵ω + (A1 +A2 +B −C)σ 1:2:0
h̵ω + (A1 −A2 +B +C)σ 0:2:1
h̵ω + (A1 −A2 −B −C)σ 3:0:0
icantly greater stress to permit any shifting and splitting to be resolved beyond
the linewidth of the band.
Under the application of stress, a splitting and linear stress induced shifting
of the 1344 cm−1 absorption band is observed with an applied stress of the order
of 4 GPa. Experimental spectra of the splitting and shifting of transitions are
illustrated in Figure 5-5. Spectra are overlayed with the experimentally calculated
relative intensities of the deconvolved absorption bands (Table 5-2). In addition,
the peak positions of the transitions are plotted as a result of increasing stress.
The 1344 cm−1 absorption band is observed to split into two unique transitions
when stressed along the ⟨001⟩ direction, three when stressed in the ⟨111⟩ direction
and three with stress applied in the ⟨110⟩ direction. The number of transitions
resolved in each polarisation of the electric dipole vector and the relative intensities
of the resolved transitions, are indicative only of an A → E transition of a defect
with C3v symmetry.
The transition energy equations outlined in Table 5-2, characteristic of this
specific transition, were assigned to the deconvolved absorption bands based upon
their polarisation and relative intensities. From this assignment, considering both
polarisations of the electric dipole vector and all directions of stress, a method of
least squares fitting comparing experimental and theoretical transition frequencies
was used to calculate the piezospectroscopic parameters of the transition energy
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Table 5-3: Experimental and theoretical piezospectroscopic parameters for the N0S
defect
Parameter Experimental Value Theoretical Value
A1 +1.02(8) +0.92
A2 -0.23(9) -0.17
B -0.16(7) -0.13
C -0.30(10) -0.18
equations. These experimental values are listed in Table 5-3.
The line-shift data fit exceptionally well to the theoretical model for an A→ E
transition at a trigonal centre. The intensity data, however, does not fit this model
well and will be discussed shortly. The complexity of the C3v symmetry results
in the response to stress being described by four parameters: A1, A2, B and C,
calculable from the plots illustrated in Figure 5-5.
The 1121 cm−1 absorption feature (15N diamond) in these samples, does not
show a resolvable stress induced splitting at stresses up to 4 GPa. The magnitude
of the shift in the ⟨001⟩ direction measured 7.4(3) cm−1 in the parallel polarisation
an 4.6(3) cm−1 in the perpendicular polarisation but the number of transitions
could not be concluded. For the ⟨111⟩ direction, the magnitude of the shift is
greater in the perpendicular polarisation, measuring 7.4(3) cm−1 and 5.6(3) cm−1
in the parallel polarisation. The overtone of the 1344 cm−1 absorption feature at
2688 cm−1 is weak in intensity and below detectable limits.
Theoretical calculations for the predicted stress reaction of this N0S mode have
been made. The C3v structure of the N0S defect (Figure 5-1) was modelled by Goss
of Newcastle University using density-functional calculations within the local-
density approximation [36], as implemented in the AIMPRO (Ab Initio Mod-
elling Program) code (see also §4.3.2.) [37, 38]. His modelling predicts theoretical
piezospectroscopic parameters as outlined in Table 5-3.
Due to the nature of the calculation and the absorption band’s proximity to the
bulk-phonon in terms of its frequency, it would seem reasonable for these values to
have significant error from state mixing. However, both results are in exceptional
agreement and both the experimental results and theoretical calculations predict
the N0S defect to be most sensitive to hydrostatic stresses.
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In these data, significant band bending is not observed and as a result, it seems
unlikely that there is evidence of state mixing and therefore forbidden transitions
becoming allowed under the presence of stress.
5.4.2.2 Reorientation of the N0S defect
Whilst the rate of stress induced shifting and splitting of the 1344 cm−1 LVM is in
excellent agreement with that for an A→ E transition originating from a defect of
C3v symmetry, the relative intensities of the transitions from the polarised spectra
are not (comparing the indicated relative intensities from the spectra (Figure 5-5)
with the theoretical relative intensities from tables (Table 5-2)). The reorientation
of the N0S defect has been discussed previously in literature and is reviewed in
§5.2.1. In the absence of stress, the defect is reorientating both by tunnelling and
thermal excitation between the thermally populated excited vibrational states,
the temperature regime governing which is dominant. The application of stress
then modifies the energetic favourability of some of these states, increasing the
concentration of the energetically favourable orientations, at the expense of the
higher energy configurations. This is illustrated schematically in Figure 5-6. For
stress in the ⟨110⟩ direction as illustrated, the bonds in the b and c directions
are compressed and those in the a and d directions elongated. As a result, the
energy of the centres in orientations b and c is increased relative to the a and d
orientations.
For compression along the ⟨111⟩ direction, stress is applied along one of the
bond directions, the three remaining bonds being equivalent in energy. This gives
two states, one with g = 1 and the other g = 3, where g is the degeneracy of the
state. The probability (pi) that the system occupies one of these states is given by
Equation (5-3), where Z = ∑i gie−βEi defines the partition function, β the inverse
temperature (1/kBT ) and Ei the energy level of the state.
pi = gi
Z
exp−βEi (5-3)
The increase in stress increases the energy difference between the two states
and modifies the probabilities of their occupancy. This is reflected in the intensity
seen for that specific transition in the infrared spectrum. Application of stress
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Figure 5-6: Schematic representation of the potential barriers separating the ni-
trogen centre in the orientations a, b, c, d. The solid line represents the potential
barriers without the application of stress and the dotted line, with stress in the⟨110⟩ direction. This is adapted from a paper by Ammerlaan et al. [39].
along the ⟨001⟩ direction, gives transition intensities which match theory, since all
the bond angles of the N0S defect under stress remain equivalent.
For the application of stress to the N0S defect in the ⟨111⟩ direction, near com-
plete reorientation away from the bond parallel to the direction of stress could be
attained with an applied stress of approximately 3 GPa. This could be simulated
through modelling, by applying a hypothetical energy difference between the de-
generate states of 22(5) meV GPa−1. This has the effect of adjusting the energetic
favourability of the different states and consequently the probability of occupation
when under stress by Equation 5-3, a result reflected in the intensity of the associ-
ated transitions for the excited and ground states (as predicted by Table 5-2), as
observed in infrared spectroscopy. Applying this energetic offset to the modelled
stress induced shifting and splitting of the transitions lines (based on Table 5-
2), provided an accurate representation of the experimentally observed intensities
(Figure 5-7). For the application of stress in the ⟨110⟩ direction, a smaller offset
of 11(2) meV GPa−1 was sufficient to correct for the intensity mismatch.
A predicted value for the ratio of energy differences can be calculated from the
derivation of piezospectroscopic parameters as demonstrated in Chapter 3. For
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Figure 5-7: The graphs on the left illustrate the error in the transition intensities
of the experimental spectra (solid lines) compared to the model for a defect with
C3v symmetry (dotted line) (Table 5-2), for stress applied in the ⟨111⟩ and ⟨110⟩
directions. The spectra on the right, illustrate the experimental data overlayed
with a model based on that of Table 5-2 but with consideration to the population
adjustment occurring when the degeneracy is removed by the application of stress.
σ ∥⟨111⟩, where EGS is the ground state energy,
Site 1: EGS = [⟨a1∣cA1 ∣a1⟩ + ⟨a1∣cA′1 ∣a1⟩]σ111 (5-4)
Site 2,3,4: EGS = [⟨a1∣cA1 ∣a1⟩ − 12⟨a1∣cA′1 ∣a1⟩]σ111 (5-5)
∆EGS = 4
3
⟨a1∣cA1 ∣a1⟩σ111 (5-6)
For σ ∥⟨110⟩:
Site 1.2: EGS = [⟨a1∣cA1 ∣a1⟩ + ⟨a1∣cA′1 ∣a1⟩] σ1102 (5-7)
Site 3,4: EGS = [⟨a1∣cA1 ∣a1⟩ − ⟨a1∣cA′1 ∣a1⟩] σ1102 (5-8)
∆EGS = ⟨a1∣cA1 ∣a1⟩σ110 (5-9)
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Table 5-4: Tabulated shift and splitting patterns for a tetragonal centre displaying
an A1 → T2 transition [40]. For stress applied in the ⟨001⟩ and ⟨111⟩ directions,
the triplet splits into a singlet and doublet. The transition energies marked with∗ are the transitions of the doublet.
Direction Transition Energy E∥:E⊥
[001] ∗h̵ω + [(Ae −A1) −Be]σ 0:1
h̵ω + [(Ae −A1) + 2Be]σ 1:0
[111] ∗h̵ω + [(Ae −A1) −Ce/3]σ 0:1
h̵ω + [(Ae −A1) + 2Ce/3]σ 1:0
E110:E001:E11¯0
[110] h̵ω + [(Ae −A1) + (Be +Ce)/2]σ 1:0:0
h̵ω + [(Ae −A1) −Be]σ 0:1:0
h̵ω + [(Ae −A1) + (Be −Ce)/2]σ 0:0:1
Therefore
∆EGS111
∆EGS110
= (4/3)σ111
σ110
(5-10)
The expected ratio of the energy difference between energy states at the max-
imum experimental stress for each direction is 1.5(1). Considering the values for
the energy differences predicted by fitting the experimental intensities of the stress
induced transitions, a factor of 2.0(5) is calculated, within error of the expected
ratio.
5.4.2.3 The 1332 cm−1 mode, N+S
In a similar manner, sensitivity to stress of the mode attributed to N+S at 1332 cm−1
has been assessed. The results for this appear significantly more complicated than
for the N0S defect. The added complication arises from the 1332 cm
−1 frequency
being the Raman frequency of diamond, the highest atomic vibration frequency
of the lattice corresponding to the degenerate vibration of the Bravais lattice of
carbon atoms with respect to one another [41].
Grimsditch et al. reported on the effect of uniaxial stress on the first-order
Raman phonon line of diamond, calculating the corresponding deformation po-
tentials. Under uniaxial stress, the Raman shift line was seen to deform under the
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following parameters [42]:
A = (Ae −A1) = 1.47 cm−1GPa−1
B = Be = 0.27 cm−1GPa−1
C = Ce = 2.8 cm−1GPa−1
(5-11)
In diamond and in the absence of strain, the
Ð→
k = 0 optical phonons are triply
degenerate due to the cubic symmetry of the diamond lattice [43]. The application
of stress therefore removes the symmetry and splits the triplet state with a shift
induced as a result of the hydrostatic component of stress. For uniaxial stress in
the [001] or [111] directions, the triplet is split into a singlet and a doublet. The
Eigenvectors of these components are parallel and perpendicular to the direction
of stress respectively.
Experiments using infrared spectroscopy have shown that stressing of the
1332 cm−1 LVM leads to an increase in energy of the transitions which split in
a resolvable way at stresses greater than 3 GPa (Figure 5-8). By overlaying the
model outlined by Grimsditch et al. and Cerdeira et al. for an A1 → T2 transition
at a centre with tetragonal symmetry, it can be clearly noted that the 1332 cm−1
LVM of the N+S defect is not behaving in the same manner as that of the Raman
line of diamond (Figure 5-9).
The experimental data are not well represented by this model. Not only are
the predicted number of transitions wrong comparing the experimental spectra
with the model for the predicted transition and symmetry (Figure 5-8) but so
too are the rates at which the band is seen to shift with the application of stress
(Figure 5-9). The vibration of the 1332 cm−1 mode does not therefore behave as the
bulk lattice does in its response to stress. Instead, the influence of the positively
charged nitrogen atom in this defect is dominating the resulting response to the
application of uniaxial stress.
It is expected that the N+S defect would have Td, tetrahedral symmetry. How-
ever, the number of splittings that are seen and the relative rate at which they
split, cannot be easily characterised by any of the models for cubic symmetry
defects. The influence of stress may be two-fold for this local vibrational mode;
there may be some contribution from the effect of stress on the diamond lattice
and in addition, an effect from the N+S defect producing the local vibrational mode
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Figure 5-8: Graphs indicate the experimental effects of uniaxial stress on the
local vibrational mode labelled 1332 cm−1. Spectra were taken for σ ∥⟨001⟩, ⟨111⟩
and ⟨110⟩ directions at 3.21 GPa, 2.99 GPa and 3.69 GPa respectively at room
temperature. In each figure the electric field vector is orientated (i) parallel to
stress and (ii) perpendicular to stress. (iii) is the unstressed spectra. These have
been offset for clarity.
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Figure 5-9: These graphs compare the experimental data seen for the shift of the
1332 cm−1 LVM with stress, as observed by infrared spectroscopy and the model
formulated by Grimsditch et al. and Cerdeira et al.. They consider the results
from stress applied in the ⟨001⟩ and ⟨111⟩ directions resulting from hydrostatic
and shear stress respectively. For σ ∥ ⟨111⟩, the average shift considering common
transitions in the results from the electric vector orientated parallel and orientated
perpendicular are plotted for clarity.
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at 1332 cm−1. Alternatively, the LVM at 1332 cm−1 may result from a combination
of defects, each of which are responding differently to the application of stress.
5.5 Conclusions
This chapter has furthered the understanding of substitutional nitrogen defects
in diamond. An isotopic study using 15N and 14N enriched diamond, irradiated
diamond and annealed diamond has permitted the deconvolution of the spectra
attributed to N0S, N
+
S and A-centres. This study has identified that several features
are present in the N+S spectrum. The lines are weak in intensity relative to the
1332 cm−1 mode, introducing large errors when adding a baseline over this region.
The 15N variant of the A-centre spectrum has also been presented. A shift of
14 cm−1 was observed for the principal peak at 1282 cm−1 to 1267 cm−1 but no
further resolvable shifts could be identified for other spectral components.
A comparison between the calculated concentration by EPR and the intensity
of the 1121 cm−1 absorption feature in infrared spectroscopy has identified there
to be no difference in the oscillator strengths of the 15N0S defect compared to
the 14N0S centre. A similar comparison could not be completed for the N
+
S or A-
centre defects, since neither are paramagnetic. Experiments assaying the nitrogen
concentration post sample treatment, either irradiation or annealing, are required
but care must be taken to consider other nitrogen related defects that may be
forming simultaneously.
Uniaxial stress has identified the C3v symmetry of the defect attributed to the
1344 cm−1 mode, identifying that stresses greater than 3 GPa are required to in-
duce a resolvable shifting and splitting of the associated transitions. The mode
was identified as originating from an A → E transition. Piezospectroscopic pa-
rameters for this centre were subsequently calculated, indicating the centre to be
highly sensitive to hydrostatic, compressive stress. Theoretical modelling of the N0S
defect by Goss, independently calculated parameters that were in excellent agree-
ment with those found experimentally for the 1344 cm−1 LVM [44], confirming its
identity to originate from the N0S defect and highlighting the power of the uniaxial
stress technique. The success of the unified result between experimental analysis
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and theoretical modelling, encourages the calculation of piezospectroscopic of vi-
bration modes arising from other defects that are commonly found in diamond.
An approach such as this could permit the assignment of vibrational modes, which
originate from defects of the same symmetry but have substantially different stress
parameters, to the correct atomistic model, something which can not be achieved
by uniaxial stress experiments alone. Furthermore, theoretical modelling may be
able to identify other optically or Raman active modes not previously identified,
expanding the catalogue of identified transition lines observed in spectroscopy.
Reorientation of the N0S defect was observed by a mismatch in the relative
intensities of the stress induced transitions compared to that expected for this
transition type and symmetry. Modelling a perturbation to the probability of oc-
cupation of the sites of the defect, considering energetic equivalence with respect to
the direction of applied stress, suitably predicted the mismatch that was observed.
At 3.7 GPa stress applied in the ⟨111⟩ direction, near complete reorientation of the
defect away from the bond parallel to the direction of stress was observed.
The application of uniaxial stress to the defect responsible for the 1332 cm−1
LVM, produced no conclusive identification of symmetry. The N+S defect is ex-
pected to have Td symmetry but the pattern and rate of splitting of the associated
transitions did not comprehensively match any recorded cubic defect symmetry.
Reported models for the influence of stress on the bulk diamond lattice, did not
suitably replicate the data observed experimentally. Under stress, this mode may
be displaying a complex behaviour resulting from both the effect of stress on the
N+S defect and the effect of stress on the bulk diamond lattice or even from an
additional defect contributing intensity to the 1332 cm−1 LVM. The results of this
study are inconclusive.
5.6 Further work
The outcomes of this chapter suggest several further investigations. With regards
to the deconvolution of the 15N one-phonon spectrum into N0S and N
+
S component
spectra, further work is required for the 15N+S spectrum to confirm the identi-
fication of constituent transitions and their assignment to carbon and nitrogen
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vibrations. Samples with a higher concentration of N+S are desirable to strengthen
the modes in the spectrum. A potential method for comparing the intensity of
the A-centre to its concentration could be by EPR. It would require ionising the
A-centre and observing the ionised A-centre spectra, a experimental procedure
outlined by Tucker [45]. The lifetime of the ionised A-centre is a few hundred
seconds and hence high concentrations would be required such that only a few IR
scans would be needed. A change in the intensity of the A-centre absorption could
then be compared to the change in ionised A-centre concentration as detected by
EPR. The distribution of A-centres tends to be highly inhomogeneous, so total
sample illumination would be required. As with all these experiments, sample
inhomogeneity will be the biggest concern and challenge.
Further investigation of the stress induced splitting and shifting of the N+S
centre is also required, using samples with higher concentrations of this defect.
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Chapter6
The H1a Absorption Band - Assignment
to the di-nitrogen split interstitial defect
This chapter will discuss the experimental and theoretical evidence used to con-
clusively assign the H1a absorption band observed in irradiated and annealed
diamond, to the di-nitrogen split interstitial structure. The formation and stabil-
ity of the H1a band was studied using isochronal annealing and the constituents
confirmed by isotopic substitution. The structure of the defect responsible for the
H1a absorption band has been debated for some considerable time. Through the
comparison of stress splitting parameters determined from experiment and those
calculated by DFT, the di-nitrogen ⟨001⟩-split interstitial structure is confirmed.
6.1 Introduction and motivation
Diamond can be treated in a variety of ways, annealing and irradiation to name
just two methods but these treatments can have a dramatic effect on the properties
of the material, e.g. optical, mechanical and electrical. In the commercial world,
the understanding of these effects is essential to maintaining consumer confidence,
since in some cases, treatments can be used to artificially enhance the visible
beauty of the diamond and claim it to be something that is rare in nature.
It is therefore important to identify the characteristic features that are tell-
tale signs of these treatments. H1a is one such example. The absorption band
observed at 0.181 eV (1450 cm−1) was first reported by Clark, Ditchburn and
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Dyer in 1956 [1]. This line was not observed in as-grown natural diamond but
found by infrared absorption in type Ib, synthetic diamonds post irradiation and
annealing at 900. Additionally, lines labelled H1b, H2 (NVN−), H3 (NVN0)
and H4 were also observed, at energies ranging from 0.6 eV to 2.7 eV [1]. Initial
discussion proposed that these lines were due to vacancies and interstitials which
had become anchored on some form of crystal imperfection that was present only
in type I diamond. These defects are further discussed in Chapters 2 and 8.
6.2 A review of previous studies on the H1a ab-
sorption band
The H1a defect is observed predominantly in type I samples that have been irra-
diated and annealed [2, 3], although there is some evidence of electron-irradiated
type Ia diamonds showing the 1450 cm−1 line characteristic of the H1a defect im-
mediately after irradiation [3]. An absorption band forms at 1450 cm−1, when
synthetic material is bombarded with high energy electrons and heated for a cou-
ple of hours at temperatures of the order of 800 [4]. For natural type Ia material,
a similar behaviour has been observed [5] but the 1450 cm−1 absorption band is not
seen in similarly treated type IIa diamond, suggesting the involvement of nitrogen
in its formation.
In type Ia samples, the 1450 cm−1 band appears at 250 compared to 650
in type Ib [3]. The H1a absorption begins to weaken at 1100 but survives
annealing at 1400. Studies by Kiflawi et al. using synthetic type Ia and type Ib
diamond, concluded that it was only the aggregated state of nitrogen that caused
this difference in the production of the band [2]. Furthermore, investigations
involving type IaA and type IaA/B diamonds concluded that there was no relation
between the intensity of the H1a mode and the concentration of nitrogen in B-
centre form and that the absorption of the H1a centre correlated only with the
A-centre nitrogen concentration [2].
In some instances, the H1a band has been seen directly post irradiation. It
was proposed that this is the result of localised heating potentially in the range
of 300-500, due to the large number of inelastic collisions from a high charged-
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(a) (b) (c)
Figure 6-1: Atomic models of the (a) the unperturbed diamond lattice, (b) the
WAR9 ⟨001⟩-nitrogen split interstitial defect and (c) WAR10 the ⟨001⟩-nitrogen
split interstitial – ⟨001⟩-carbon split interstitial pair defect. The unfilled circles
indicate the carbon atoms and the filled, the nitrogen atoms. This is adapted from
the paper by Felton et al. [13].
particle flux [1, 6]. For neutron irradiated samples, annealing at temperatures
greater than 250 is required for the absorption feature to be produced and the
intensity of H1a is seen to vary linearly with irradiation dose [7].
Concerning the involvement of vacancies in the production of H1a, the thresh-
old temperature of vacancy migration is approximately 600 [8]. Since the H1a
defect is seen to develop at temperatures as low as 250, it seems improbable
that vacancies are directly involved. The interaction of vacancies formed from
irradiation with nitrogen in diamond has been thoroughly studied [9–12]. At high
temperatures, there is the possibility of vacancy enhanced aggregation of nitrogen,
leading to the recycling of the vacancy in multiple reactions [4]. However, whilst
much is now understood concerning the self-interstitial (labelled R2), the knowl-
edge of the general behaviour of the interstitial is limited. The simple interstitial
related defects are reviewed in Chapter 2.
Woods and Collins initially proposed that a carbon interstitial (R2) was in-
volved in the production of H1a [7]. Having formed this interstitial during irra-
diation, it may be a possibility that upon annealing, the substitutional nitrogen
atom is displaced by the interaction with a carbon interstitial into an interstitial
position itself, leaving the carbon on the lattice site. However, Woods and Collins
were unable to determine from their investigations whether it was simply a ni-
trogen interstitial that was responsible for the H1a absorption. It is also highly
probable that there are alternative sinks for the carbon interstitial which do not
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directly result in the formation of a nitrogen interstitial.
The di-interstitial, labelled R1, is not produced in diamonds where the concen-
tration of nitrogen present in the lattice is far greater than the concentration of
interstitials produced as a result of irradiation [14]. Recent work has identified two
new spin one-half defects which have been identified by EPR as being consistent
with the ⟨001⟩-nitrogen split interstitial (NI, Figure 6.1(b)) and the ⟨001⟩-nitrogen
split interstitial – ⟨001⟩-carbon split interstitial pair (NI–I001) (Figure 6.1(c)) [13].
It is known that the incorporation of nitrogen in HPHT grown diamonds is
sector dependent, with ⟨111⟩ sectors showing the highest NS concentrations and⟨110⟩ sectors substantially less [15]. The two EPR detected defects were both
observed in lightly nitrogen doped sectors and were suggested to be electron traps.
In heavily doped material, where the concentration of substitutional nitrogen is
much greater than that of vacancies or interstitials, it was proposed that these
defects would exist in the negative charge state and hence be undetectable by
EPR.
Theory and experiment surrounding these defects is in good accord [13]. The
activation energy for migration of the I001 is 1.6 eV but radiation enhanced inter-
stitial migration is known to exist [16]. Once mobile, it is postulated that the
I001 defect is trapped by N0S, leading to the formation of neutral nitrogen intersti-
tials (N0I ).
I001 +N0S → N0I
N0I +N0S ⇌ N−I +N+S (6-1)
It is unlikely that N0I would revert back to I001 and N
0
S, since this is energetically
expensive but instead, migrate as a single unit. Theory predicts that the barrier
to migration for N−I is substantially lower than that for N0I [17] with the capture
of I001 by NI producing an R1 like defect, with one of the three fold co-ordinated
carbon atoms being replaced by a nitrogen atom.
I001 +N0I → (NI–I001)0 (6-2)
In the higher nitrogen concentration regions, charge transfer processes could
occur.
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(NI–I001)0 +N0S ⇌ (NI–I001)− +N+S (6-3)
Capture of NI by NS would produce N2I, which is the defect proposed to be
responsible for the infrared H1a absorption band (Figure 6.2(c)) [17]. Here, both
dumbbell atoms of the interstitial are replaced by nitrogen atoms.
NI +NS → N2I (6-4)
It is speculated that the barrier to formation of Equation (6-4) could be re-
duced if the reactants were in the negative and positive charge states respectively,
permitting the migration of the nitrogen interstitial and the formation of the H1a
band at 650 in type Ib materials. For example,
N−I +N+S → N2I (6-5)
It was suggested from the thermal stability of the defect identified as N0I , that
the neutral charge state is much less mobile than the negatively charged state [13];
there is support from theory for this proposal [17].
Goss et al. proposed that N2I could be produced by capture of the I001 by an
A-centre such that
I001 +NS–NS → N2I (6-6)
which could occur at 300, where the formation of the H1a band is seen in type
Ia diamond. This could explain the different temperatures required to produce
the H1a absorption band in type Ia diamond, since only the mobility of I001 is
required, whereas in type Ib diamond, it is the mobility of N−I that is the key
factor [17].
6.2.1 Potential Structures for the H1a defect
Two proposals existed for the structure of the defect responsible for H1a but nei-
ther appear at first inspection to satisfy both the isotopic evidence for H1a and
its annealing behaviour. Isotopic substitution studies of H1a have been reported
previously [2, 7]. Comparative work between 14N and 15N doped diamonds has
shown that the defect responsible for the H1a band involves the vibration of a
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(a) (b) (c)
Figure 6-2: Potential interstitial structures involving nitrogen in diamond. Figure
(a) is a schematic of the simple nitrogen interstitial defect structure in diamond;
(b) represents the puckered bond-centred nitrogen interstitial proposed as the
source of the H1a absorption band by Kiflawi et al. [2]; (c) is the alternative
structure of the di-nitrogen split interstitial as originally proposed by Goss et
al. [17].
single nitrogen atom. Two sharp peaks at 1450.3(1) cm−1 and 1426.0(1) cm−1 were
recorded for a sample with approximately equal concentrations of 14N and 15N
(Figure 6.3(a)) [7]. The immediate conclusion from this would be that the vibra-
tion involves a single nitrogen atom, since no mode from a defect of mixed isotopic
composition was identified.
In addition, work with 12C and 13C enriched diamond has indicated the involve-
ment of two equivalent carbon atoms in the H1a local vibrational mode (LVM)
(Figure 6.3(b)) [2]. Spectra from a range of samples doped with various percent-
ages of 13C, identified the 1450 cm−1 peak to shift to 1424 cm−1 in the 97% enriched
13C sample. For samples of mixed isotopic composition, three absorption peaks
were identified to be associated to H1a, with the additional band occurring at
1438.3 cm−1. Throughout annealing studies made by Kiflawi et al., the relative in-
tensities of the three peaks remained constant, confirming them to originate from
the same centre.
It must though be noted that a minor peak at 1438 cm−1 has been previously
identified with alternative annealing behaviour and hence is attributable to a dif-
ferent defect [3]. Care must therefore be taken not to confuse this with evidence
of a mixed isotope sample. This feature is seen to arise post electron and neutron
irradiation and annealing in type Ia and Ib samples and is often hidden by the
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(a) (b)
Figure 6-3: Spectra from the isotopic substitution investigations of the H1a de-
fect. (a) illustrates the 50:50 14N:15N enriched sample spectra for the H1a defect
(adapted from a paper by Woods et al. [7]) and (b) illustrates results considering
a range of isotopic ratios of 12C:13C. This is adapted from a paper by Kiflawi et
al. [2].
strong 1450 cm−1 absorption. During annealing at increasing temperature, the in-
tensity is seen to decrease, at a different rate to that of the 1450 cm−1 line but is
still present post 4 hours annealing at 1400 [3].
The results of Woods led to the initial proposal for H1a to originate from a
nitrogen interstitial defect of the ⟨001⟩-split site form [3]. However, upon the un-
derstanding of the isotopic work for 12C and 13C enriched diamond, indicating that
two equivalent carbon atoms are involved in the vibration, theoretical modelling
based upon semi-empirical Hartree-Fock theory, led to the hypothesis that the
nitrogen atom was occupying a position midway between the two nearest neigh-
bour carbon atoms, displaced off the axis between them at a bond angle of 115○
with the carbon-nitrogen bond having a length of 1.47 A˚ (Figure 6.2(b)) [2]. The
proposed formation mechanism in type Ia material requires that an approaching
self-interstitial interacts with the N-pair allowing it to dissociate at relatively low
temperatures into NI and NS. The different behaviour in type Ib material was
tentatively explained by the role of charge state effects not present in Ia material
(Equations (6-5) and (6-6)).
Calculations by density-functional theory of the potential interstitial nitrogen
structures and a range of associated complexes, cast doubt on this model [17].
Indeed, the puckered bond-centred structure was found to be unstable relative
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to the formation of a ⟨001⟩-oriented split-interstitial, where nitrogen is three fold
co-ordinated, consistent with simple chemical principles. In addition, the stabil-
ity of H1a at high temperatures was viewed as inconsistent with the calculated
migration barrier of the simple nitrogen interstitial. The calculations showed NI
to be mobile at the production temperature of 300 in type Ia material, which
would contradict the stability of the absorption feature at 1400. Furthermore,
recent EPR studies [13] have identified, as discussed, the NI to adopt an ⟨001⟩-split
nitrogen interstitial configuration, thus rebutting the claim by Kiflawi et al. [2],
that the nitrogen interstitial adopts a bond-centred configuration.
It was proposed that the H1a defect was a complex of two nitrogen atoms
sharing a single ⟨001⟩-split configuration (Figure 6.2(c)) [17]. This explains both
the thermal stability and vibrational properties seen experimentally but super-
ficially contradicts the lack of additional bands in 14N-15N mixed-isotope doped
material, which was seen as evidence of just one N atom present in the H1a cen-
tre [2]. However, the calculated vibrational modes exhibit negligible interaction
between the nitrogen atoms for the degenerate pair of modes in the vicinity of
H1a, so in any given mode, only one of the nitrogen atoms is involved, leading
to the nitrogen isotopic effects observed. Investigations by electron paramagnetic
resonance have to date not revealed any analogue to the H1a feature. In light of
this, the proposal of H1a to be a di-nitrogen interstitial seems reasonable due to
its non-paramagnetic nature in the neutral charge state.
The equilibrium structure of N2I is tetragonal, transforming under the D2d
point-group. The proposed structure is illustrated in Figure 6.2(c) with the prin-
cipal axis vertically aligned. The predicted high symmetry of the defect and the
degeneracy of the local-vibrational mode, lends this centre to a convincing as-
signment using the splitting patterns and rates under uniaxial-stress along high-
symmetry crystallographic directions.
6.3 Experimental details
Isotopic shift studies were made using two samples. Sample M, a 14N enriched,
HPHT-grown type Ib sample, was irradiated to a dose of 1.0× 1018 1.5 MeV electrons per cm2
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Table 6-1: A summary of the samples used for the investigations of the H1a defect.
All irradiation experiments were performed with a sample temperature of less than
200 and all annealing experiments were performed in forming gas.
Sample Description Treatment Use
M HPHT-grown 14N en-
riched with [N0S] =
150 ppm
Irradiated
to 1.0× 1018
1.5 MeV e− per cm2
Isotopic investigation
N HPHT-grown 95%
15N enriched with
[N0S] = 150 ppm
Irradiated
to 1.5× 1018
1.5 MeV e− per cm2
Isotopic investiga-
tions and uniaxial
stress in the ⟨001⟩
and ⟨110⟩ directions
P HPHT-grown 95%
15N enriched with
[N0S] = 150 ppm
Irradiated
to 1.0× 1018
1.5 MeV e− per cm2
Annealing study
Q HPHT-grown 95%
15N enriched with
[N0S] = 150 ppm
Irradiated
to 1.0× 1018
1.5 MeV e− per cm2
Isotopic investiga-
tions and uniaxial
stress in the ⟨111⟩
directions
at a temperature less than 200 and annealed at 1000 for 1 hour in form-
ing gas. The line position of the H1a absorption band was compared to that in
a 95% 15N enriched HPHT-grown type Ib sample1 (sample N), irradiated to a
dose of 1.5× 1018 1.5 MeV electrons per cm2 and annealed similarly. Observation
of isotopic shift was made by room temperature infrared spectroscopy at 1 cm−1
resolution.
For the investigation of annealing behaviour of the H1a defect, an irradiated
type Ib sample (sample P) was annealed at 200 intervals from 800 to 1400
and 100 thereafter for 4 hours in forming gas. The intensity of the H1a absorp-
tion band was measured after each anneal by infrared spectroscopy. All measure-
ments were taken at room temperature and using a resolution of 1 cm−1.
Two HPHT-grown type Ib samples, each enriched with 95% 15N, were polished
such that sample N had faces suitable for the application of stress along the ⟨001⟩
and ⟨110⟩ directions and sample Q prepared for the application of stress along the⟨111⟩ direction. The accuracy of the face plane orientation was to within ±1○, con-
firmed by Laue X-ray back-reflection. Samples were polished such that under ×10
1All 15N samples were grown using a modified HPHT synthesis method. Atmospheric gasses
were removed from the growth capsule containing the solvent/catalyst and carbon source and
at lower than growth temperatures, the capsule was purged with > 95% 15N enriched gas [18].
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Figure 6-4: Overlayed spectra showing the 14N to 15N isotopic shift of the H1a
absorption band. Intensities here have been scaled to give the same peak height
for both spectra.
magnification, they were free from inclusions, cracks and chips which could act as
fracture propagation sites. Both samples were of the approximate size 1× 1× 2 mm.
Irradiation was performed to a dose of 1.5× 1018 1.5 MeV electrons per cm2 for sam-
ple N and 1.0× 1018 1.5 MeV electrons per cm2 for sample Q. During irradiation,
the sample block was water cooled, with the sample temperature being less than
200. Irradiation treatment was followed by annealing in an oxygen free environ-
ment at a temperature of 1000.
Stress investigations were performed using a custom built stress cell in conjunc-
tion with the aforementioned FTIR spectrometer. Spectra were taken for stress
applied along the three principle directions with the electric-field vector polarised
both parallel and perpendicular to the direction of stress using an Edmund Optics
zinc selenide holographic wire grid polariser, described in Chapter 4.
6.4 Results and analysis
6.4.1 Isotopic substitution behaviour of H1a
Two similar samples (samples M and N), both irradiated and annealed similarly,
were compared to assess the validity of previous claims with regards to the iso-
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topic influence on nitrogen on the vibrational mode. For these samples, the H1a
absorption feature was recorded to occur at 1450.8(2) cm−1 for the 14N doped
sample which was observed to shift to 1426.7(2) cm−1 for a ≈95% 15N doped di-
amond (Figure 6-4), in agreement with previously published data. A shift of
24.1 cm−1 is comparable in magnitude to that seen for the 1502 cm−1 defect under
nitrogen isotope substitution experiments. For the 1502 cm−1 absorption band, a
shift to 1479.1 cm−1 (23 cm−1) is observed. The 1502 cm−1 line has been interpreted
as the vibration of a C–N bond and is evident in type Ib synthetic diamonds. It is
tentatively assigned to the stretching mode of such a bond [3]. The 1502 cm−1 ab-
sorption feature may represent a transitional configuration in the formation of the
nitrogen interstitial. Considering its annealing behaviour, annealing in at 650
with the H1a defect in type Ib diamond, maximising in intensity at approximately
750 and annealing out at 850 as the H1a defect continues to grow in intensity.
6.4.2 Annealing behaviour of H1a
Mid infrared (MIR) spectra collected at room temperature, have been taken of a
type Ib diamond at various stages of annealing, shown in Figure 6-5. These spectra
highlight the growth of H1a defect in 15N enriched diamond to a maximum at
1400. In addition, it can be seen that A-centres, causing absorption at 1267 cm−1
in 15N doped diamond (cf. with 1280 cm−1 in 14N enriched diamond), appear post
annealing at 1400. The reduced temperature of annealing required for A-centre
formation has been reported to be due to vacancy enhanced migration [4, 19].
Measurements on both natural and synthetic diamond, indicate that the rate
at which A-centres are formed is increased by at least a factor of 50 when first
irradiated with approximately 1 × 1018 2 MeV electrons per cm2. Isolated nitrogen
atoms were concluded to be more efficient at trapping vacancies than A-centres
and the resulting NV centre would then migrate through the lattice to form the
NVN defects which, when the vacancy broke away would result in an A-centre.
For sample P used in this investigation, the intensity of the resulting H1a
defect has been measured post annealing at a range of temperatures (Figure 6-
6). The additional absorption feature seen at 1479 cm−1, the 15N variant of the
1502 cm−1 absorption band, completely anneals out post the 800 treatment,
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Figure 6-5: Infrared annealing spectra highlighting the growth and loss of H1a
in a 15N enriched diamond, with varying annealing temperatures as indicated.
Each anneal was performed for four hours in a tube furnace in an oxygen free
environment. For this sample, spectra pre irradiation and pre annealing at 800
are not available. Spectra have been offset for clarity.
broadly consistent with Figure 6-72.
Whilst it is generally accepted that the H1a absorption feature is seen to
begin to anneal out at 1100 and to have completely annealed out by 1400,
these experiments suggest values of 1200 and 1600 to be more appropriate.
Near maximum intensity of the H1a defect is easily achievable without risk of
graphitisation or sample damage at a temperature of 1000. The irradiated
samples were subsequently annealed at this temperature to create the H1a defect
for the uniaxial stress experiments.
Sample P used in the annealing treatment of Figure 6-6, had an initial single
nitrogen concentration of 150 ppm. As the figure shows, over the period of anneal-
ing, there is deviation in the total concentration of nitrogen in the sample if the
total contributions from N0S, N
+
S and A-centres are considered. A near maximum
2Despite this data by Woods (Figure 6-7) having been presented some 26 years ago, this is
the original observation of the annealing behaviour of the H1a defect, an experimental result
that has not been revisited since. It is therefore important to note this result as a benchmark
but also to acknowledge that in the years which have passed, developments have been made to
improve the resolution of the techniques employed, the sample preparation prior to investigation
and the instrumentation. Therefore, deviation from these results may exist, with new findings
potentially being of improved resolution and accuracy.
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Figure 6-6: Isochronal annealing study of the H1a absorption in 15N doped type
Ib electron irradiated diamond (1 × 1018 1.5 MeV). The sample was annealed for
periods of four hours at increasing temperatures. H1a was stable to approximately
1200 after which it decreases in intensity and anneals out at approximately
1600. (a) illustrates the changing concentration of total nitrogen in the sample
when considering only the N0S, N
+
S and A-centres. The dotted line highlights
the as-grown N0S concentration of the sample of 150 ppm. Plotted also is the
changing peak height of the H1a LVM with annealing temperature. (b) shows
the increase in concentration of A-centres with a decrease in the concentration of
single substitutional nitrogen centres, the rise of which is similar in shape to the
decrease in the H1a LVM peak height. In addition, the total nitrogen present,
considering contributions from H1a and NV is illustrated in comparison to the
as-grown N0S concentration (dotted line).
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Figure 6-7: Isochronal annealing of four-hour periods of neutron irradiated type
Ib synthetic diamond showing the growth and loss of the H1a defect and the
1502 cm−1 absorption band. The growth of the 1502 cm−1 band is seen to balance
the initial dip in the 1450 cm−1 growth. This figure has been adapted from the
paper by Woods [3].
value of nitrogen concentration (150 ppm) is achieved once the H1a defect has
annealed out.
The irradiation of the sample will introduce equal concentrations of vacancies
and interstitials into the lattice. Substitutional nitrogen will act as a sink for both
these defects, leading to the formation of the nitrogen interstitial (NI) which can
then migrate and be trapped by a further substitutional nitrogen defect, forming
the di-nitrogen interstitial defect (N2I). Additionally, the substitutional nitrogen
centre can trap a vacancy to form the nitrogen vacancy defect (NV). The annealing
behaviour of the H1a and NV defects are very similar, forming at approximately
600-800 and annealing out at approximately 1500.
I001 +NS → NI and NI +NS → N2I
V +NS → NV (6-7)
It is postulated here that upon annealing between 800 and 1500 , the total
concentration of nitrogen, [N]T , will be distributed such that:
[N]T = [N0S] + [N+S] + [A-centre] + [H1a] + [NV] (6-8)
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If it is assumed that all the nitrogen present in the sample is in one of the
forms quoted in Equation (6-8), the missing nitrogen highlighted in Figure 6.6(a)
must be present in the H1a and NV defects.
By assaying the changing concentration of nitrogen with the changing intensity
of H1a and NV defects, calculation of the oscillator strength of the H1a LVM can
be made. It is assumed that for every interstitial created by irradiation, one H1a
centre is formed containing two nitrogen atoms and that for every vacancy simulta-
neously produced, one NV centre containing a single nitrogen atom is created. The
results indicate that for 1 cm−1 in absorption of the H1a LVM, there are 20 ppm
of nitrogen in the H1a defect and a further 10 ppm in the NV defect. This would
therefore indicate that the irradiation dose of 1 × 1018 1.5 MeV electrons per cm2
has introduced 10 ppm of vacancies and 10 ppm of interstitials into the lattice.
This is slightly higher than the value published by Hunt of 7 ppm of V0 by a
dose of 1 × 1018 2 MeV electrons per cm2 [20]. For these irradiation conditions at a
slightly lower electron energy and therefore lower production rate, the increased
concentration of vacancies could be due to a reduced probability of spontaneous
recombination of the vacancies and interstitials compared to a pure type IIa lat-
tice and therefore a higher resultant concentration. It is postulated that the H1a
and NV defects trap vacancies and N0S defects, leading to the direct formation of
A-centres.
NV +NS → A-centre +V
NS +V → NV (6-9)
N2I +V → A-centre (6-10)
6.4.3 Uniaxial Stress Investigations of H1a
Figure 6-8 shows the experimental stress splitting data with the applied stress
along the ⟨001⟩, ⟨111⟩ and ⟨110⟩ directions and also illustrates the magnitude of
the shifts that result from the application of stress. The solid lines of the plot
show a least squares fit of the data to the proposed transitions as determined
by Kaplyanskii, Hughes and Runciman (Table 6-2) [21, 22]. In all cases, the
experimentally determined features could be fitted with Lorentzian lineshapes
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Figure 6-8: Stress induced shifting and splitting at room temperature of the H1a
LVM in 15N irradiated and annealed diamond (samples N and Q). The left column
illustrates spectra attained at 4.1 GPa, 3.8 GPa and 2.3 GPa for σ∥ ⟨001⟩, ⟨111⟩
and ⟨110⟩ directions respectively which have been offset for clarity. Spectra (a) and
(b) in each represent the sample under stress resulting from (a) parallel and (b)
perpendicular polarisation of the electric-field vector and spectrum (c) represents
the unperturbed sample. The right column shows the transition frequencies as a
function of stress compared to the best fit parameters from all the data for an
A→ E transition at a D2d centre.
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Table 6-2: Tabulated shifting and splitting patterns for the D2d centre displaying
an A→ E transition, for each direction of applied stress. See also Appendix B.
Direction Transition Energy E∥:E⊥
σ ∥[001] h̵ω +A1σ 0:1
h̵ω + (A2 +B)σ 0:1
h̵ω + (A2 −B)σ 2:0
σ ∥[111] h̵ω + 13(A1 + 2A2 +C)σ 4:1
h̵ω + 13(A1 + 2A2 −C)σ 0:3
E110:E001:E11¯0
σ ∥[110] h̵ω + 12(A1 +A2 +B)σ 0:2:0
h̵ω + 12(A1 +A2 −B)σ 1:0:1
h̵ω + (A2 + 12C)σ 1:0:0
h̵ω + (A2 − 12C)σ 0:0:1
Table 6-3: Experimental and theoretical piezospectroscopic parameters for the H1a
defect compared with those found theoretically for the di-nitrogen interstitial.
Parameter Experimental Value Theoretical Value
A1 +0.54(9) +0.5(1)
A2 +1.39(5) +1.5(3)
B -0.10(9) -0.15(3)
C +2.75(9) +2.1(4)
and the relative intensities of these transitions for each direction of applied stress,
considering both polarisations, calculated. The number, intensity and polarised
absorption behaviour of the resulting transitions post the application of stress,
show that the H1a absorption band is an A → E transition at a centre with D2d
symmetry.
For this transition at this symmetry of centre, the action of stress upon the
defect can be characterised by four parameters A1, A2, B and C. These values
are determined from the plots of the changing transition frequency with stress
(Figure 6-8) and the experimental parameters are presented in Table 6-3. The
most substantial experimental parameters (expA2 and expC) represent the response
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Table 6-4: Calculated linear shift-rates for the E and A1 LVMs of the 14N and
15N di-nitrogen interstitial model. All values are presented in units of cm−1 per
percent strain for an [001] oriented di-nitrogen centre and are obtained using a
least-squares fit to the calculated data. The errors in the fits are estimated to be
less than 1 cm−1 per percent strain.
E A1
Direction 14N 15N 14N 15N
[001] −6 −6 −15 −14
[100] −15 −15 −9 −10−18 −18
[110] −2 −2 −7 −7−33 −31
[101] −10 −10 −14 −13−12 −12
[111] −3 −3 −10 −10−23 −22
and sensitivity to pseudo-hydrostatic and shear forces on the system.
6.4.3.1 Theoretical modelling of the di-nitrogen split interstitial
The experimental evidence would indicate that the H1a LVM originates from an
A→ E transition at a defect with D2d symmetry and therefore supports the model
that the H1a band originates from the di-nitrogen split interstitial. Theoretical
modelling of the di-nitrogen interstitial can be used to calculate the piezospectro-
scopic response of the N2I defect for comparison to those observed experimentally
for the H1a mode.
Potential structures for the H1a centre were modelled by Goss of Newcastle
University, using density-functional calculations within the local-density approx-
imation as implemented in the AIMPRO (Ab Initio Modelling Program) code.
The Brillouin-zone is sampled using the Monkhorst-Pack scheme [23], with core-
electrons being eliminated using pseudo potentials. Defects are represented by
periodic boundary conditions.
Deformation of the supercell under strain assumed an isotropic, homogeneous
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elastic medium, characterised by Young’s Modulus. For varying strains, atoms
were displaced in the x, y and z directions by 0.026 A˚ and the resulting forces on
each atom in the cell were then evaluated. The two-fold degeneracy under zero
strain is raised for all strain directions except the [001] direction, for centres orien-
tated parallel to the strain. Additional splittings occur for differently orientated
centres as illustrated in Figure 6-9.
A degenerate IR active vibrational mode was calculated to occur at an energy
of 1442 cm−1 for the 14N2I defect and at 1418 cm−1 for the 15N2I variant. These are
in good agreement with the experimental values of 1450 cm−1 in 14N diamond and
1426 cm−1 in 15N diamond reported in this work for the H1a absorption band.
The strain response was subsequently calculated for the di-nitrogen split inter-
stitial, two-fold degenerate model and shift rates evaluated (Table 6-4).
From these strain parameters, theoretical piezospectroscopic parameters can
be calculated for the di-nitrogen split interstitial structure (Table 6-3). Theoretical
and experimental parameters are in excellent agreement. This therefore presents
the di-nitrogen interstitial model (Figure 6.2(c)) to be the most plausible struc-
ture for the H1a LVM at 1450 cm−1 for 14N diamond (1426 cm−1 in 15N enriched
diamond).
In addition to the E-mode attributed to the H1a vibration, theory also pre-
dicts other vibrational modes associated with this structure. Of these, the only
one calculated to lie above the diamond zone centre optical phonon at 1332 cm−1
is an A1-mode, related to a stretch along the N–N axis (Figure 6.10(c)). This A1-
mode is IR inactive, such that the vibrational mode is not associated with changes
in the induced electric-dipole. In contrast to the H1a vibrational mode, the A1-
mode would display a mixed-isotope splitting, characteristic of two nitrogen atoms
(1830 cm−1 : 1800 cm−1 : 1768 cm−1 ≡ 14N–14N : 14N–15N : 15N–15N) [17]. Detec-
tion of these vibrational modes may be possible by Raman spectroscopy. Neutron
irradiation and annealing could maximise the intensity of these transitions, poten-
tially making them strong enough to observe. The predicted parameters associated
to these modes are listed in Table 6-4.
Other modes may exist for the di-nitrogen split interstitial. For example, a
mode representing the two nitrogen atoms vibrating in union, B2, would be IR ac-
139
Chapter 6. The H1a Absorption Band
- 1 . 0 - 0 . 5 0 . 0 0 . 5 1 . 0
1 4 1 0
1 4 1 5
1 4 2 0
1 4 2 5
1 4 3 0
1 4 3 5
1 4 4 0
1 4 4 5
1 4 5 0
1 4 5 5
1 4 6 0
Fre
que
ncy
 (cm
-1 )
S t r a i n  ( % )
 0 0 1 1 0 0 1 1 0 1 0 1 1 1 1
T e n s i o nC o m p r e s s i o n
(a)
- 1 . 0 - 0 . 5 0 . 0 0 . 5 1 . 01 4 0 0
1 4 0 5
1 4 1 0
1 4 1 5
1 4 2 0
1 4 2 5
1 4 3 0
1 4 3 5
T e n s i o n
Fre
que
ncy
 (cm
-1 )
S t r a i n  ( % )
 0 0 1 1 0 0 1 1 0 1 0 1 1 1 1
C o m p r e s s i o n
(b)
Figure 6-9: Theoretical frequency shifts of the di-nitrogen interstitial as a function
of strain along high symmetry directions for the interstitial N2I for (a) 14N and
(b) 15N enriched diamond.
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(a) (b) (c)
Figure 6-10: Proposed normal modes of the di-nitrogen split-interstitial [24]. (a)
and (b) show the two components of the E-mode assigned to H1a, and (c) the
A1, IR-inactive mode. The central two blue atoms are nitrogen and the cube of
side length a0, indicates the lattice cubic direction. The arrow shows the displace-
ments during the modes of vibration, their lengths indicating relative amplitude
on different atom sites.
tive. Modelling however, predicts this to occur at a frequency less than 1332 cm−1,
which would therefore be resonant with the one-phonon band and subsequently
broad and undetectable.
6.5 Conclusions
The structure and stability of the mode of vibration attributed to H1a has been
reviewed here. Isotopic substitution studies have confirmed the previous results
that nitrogen is in involved is the defect giving rise to the 1450 cm−1/1426 cm−1
LVM in 14N/15N enriched diamond. This supports data previously presented in
literature, which have to date, caused confusion in the assignment of the structure
attributed to H1a. In addition, the annealing behaviour has been reviewed and it
is the conclusion of this work that H1a has been shown to anneal in in irradiated
synthetic type Ib diamond at a temperature between 600 and 800, maximising
at 1200 and anneal out at temperatures greater than 1550.
Annealing studies have also identified a significant deficit between the total
concentration of nitrogen initially measured in the sample and that measured post
each annealing stage between 800 and 1550. This has identified the H1a defect
to be an important sink for nitrogen during annealing. Considering nitrogen as
a major sink for vacancies and interstitials, it is the conclusion of this work that
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the H1a and NV centres will be the prominent defects accounting for this nitrogen
deficit. By assaying the concentration of nitrogen and considering the contribution
from these defects, it is calculated that 1 cm−1 absorption at the H1a LVM is equal
to 20 ppm of nitrogen in the di-nitrogen interstitial centre.
There may be a number of mechanisms responsible for the annealing out of
the H1a defect and it is postulated that there is a direct contribution of H1a to
the growth of A-centres during annealing.
N2I +NV → NS + [NS −NS]
N2I +V → [NS −NS]
N2I → NS +NS
N2I → NS +NI
(6-11)
Energetically, it seems unlikely that the H1a defect would dissociate into two
substitutional nitrogen atoms because of the strain energy required to accommo-
date the electron in the anti-bonding orbital. More probable and in agreement
with evidence of this research, is that a vacancy migrates to the H1a defect, re-
laxing the di-nitrogen interstitial structure into an A-centre, with both nitrogen
atoms occupying lattice sites.
A combination of atomistic modelling and experimental uniaxial stress studies
have been used to probe the vibrational nature of the defect and gain an insight
into its structure. The data presented here indicates the H1a absorption band to
originate from a doubly degenerate local vibrational mode (A→ E transition) with
D2d symmetry. Stress splitting parameters have been calculated and presented,
which highlight the centre’s sensitivity to shear forces.
Atomistic modelling has permitted the simulation of the di-nitrogen split in-
terstitial defect under strain. The energy of the E-mode of this centre and that
seen experimentally for both the 15N and 14N combinations of this defect, are
in excellent agreement. From this, theoretical parameters characterising the cen-
tre’s piezospectroscopic behaviour have been calculated, which have been shown
to be in excellent agreement with those determined experimentally. This leads to
the conclusion that the ⟨001⟩ di-nitrogen split interstitial (N2I) defect, is the only
plausible model for the centre responsible for the H1a mode, where the mode of
vibration is as illustrated in Figure 6.10(a) and Figure 6.10(b). In addition, the-
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ory has proposed an infra-red inactive but Raman active A1 NI–NI stretch mode
for the N2I defect. It is predicted that this will display mixed-nitrogen isotope
splitting and stress induced splitting resolvable under uniaxial stress.
The result of this work encourages the calculation of piezospectroscopic pa-
rameters for other vibrational modes of a plethora of defects in diamond. This
is essential in associating vibrational modes originating from different transitions
of the same defect, to the correct atomistic model. From the study of this defect
specifically, it is now a challenge to identify and probe the other associated modes
of this centre with photoluminescence spectroscopy.
This work has been published in Physical Review B [24].
6.6 Further work
The research presented here could be extended to investigate a number of areas.
Greater information is required with regards to the nitrogen deficit that is observed
in samples when annealing between 800 and 1500 and additional techniques are
required to identify and quantify the nitrogen content of NV. Simultaneously,
evidence of any other nitrogen related defects should be watched for.
An alternative investigation would be to substantially increase the damage
caused by irradiation. If the concentration of vacancies became comparable to
the concentration of nitrogen in the diamond, for example by neutron irradiation,
maximising the formation of the H1a defect into what complexes do the remaining
irradiation damage defects migrate?
Thirdly, investigations could be performed to identify the A1 Raman active
mode. Work could consider locating a transition which displayed comparable an-
nealing behaviour to the H1a IR mode and demonstrating a mixed-isotope splitting
of a transition in 15N enriched diamond.
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Chapter7
Hydrogen Related Defects in Diamond
The aim of this chapter is to further the understanding of the incorporation of
hydrogen into diamond and the influence of annealing on these defects. Of key
interest are the 3107, 3123 and 3324 cm−1 absorption features.
7.1 Introduction and motivation
Like nitrogen, hydrogen is a common impurity in synthetic, chemical vapour de-
position (CVD) grown diamond. It is typically the most abundant atom in the gas
phase for CVD growth. Hydrogen can be present in concentrations up to 1 at.%
in some natural [1, 2] and polycrystalline CVD diamond [3] and whilst optical and
magnetic spectroscopic techniques can be used to assign spectra to specific hy-
drogen related structures such as the 3107, 3123 and 3324 cm−1 absorption bands,
conclusive results regarding structure have yet to be achieved.
7.2 A review of hydrogen related defects
7.2.1 The 3107 cm−1 absorption band
One of the most commonly reported hydrogen related defects is the absorption
band at 3107 cm−1 (and bending mode at 1405 cm−1), first observed by Chrenko et
al. [4–13]. Seen in natural and high-temperature annealed synthetic (high-pressure
high-temperature (HPHT) and CVD) type I diamond, this centre is exceptionally
stable, requiring HPHT conditions for its formation and remaining stable at tem-
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peratures greater than 1700 [8, 12, 14]. The distribution of these defects has
been found to be inhomogeneous in natural type Ia diamond [8, 15] and further-
more, in natural diamond, similar HPHT annealing conditions can both generate
and remove the absorption band, indicating its strong sensitivity to other defects
present within the lattice [8].
The strength of this absorption band has also been shown to correlate with
the concentration of nitrogen present in the lattice [7, 13, 16]. 12C:13C iso-
topic substitution experiments confirm that the 3107 cm−1 absorption band orig-
inates from a C–H stretch vibration, indicating a shift in the absorption band to
3098 cm−1 [6, 17]. No shift is seen when similar experiments are performed with
14N and 15N enriched samples [7, 10]. It is generally acknowledged in the litera-
ture that the band arises from a C–H vibration and it is assumed that nitrogen is
involved in the defect but the dependence of the 3107 cm−1 LVM’s intensity on a
particular aggregate of nitrogen is still debated.
Uniaxial stress investigations by Runciman et al. and Davies et al. had been
unable to resolve any sensitivity of the 3107 cm−1 transition to the application
of uniaxial stress, therefore failing to propose a model for the symmetry of the
associated defect. Cruddace observes a resolvable and sizable splitting of the
transition by infrared spectroscopy [18]. At 1.35 GPa in the ⟨001⟩ direction, a
single transition is observed, which shifts very little when stressed but under stress
applied in the ⟨111⟩ direction, the transition splits into two when the electric field
vector is polarised parallel to the direction of stress and remains a single line when
polarised perpendicular. This result is indicative of the 3107 cm−1 band arising
from an A→ A transition at a trigonal centre.
The 1405 cm−1 absorption band is a secondary line found to accompany the
3107 cm−1 mode in spectra. Attributed to a C–H bending mode, it sits close to the
one-phonon frequency of diamond and subsequently has a weak interaction with
the one-phonon modes [17]. Correlation between the 3107 cm−1 and 1405 cm−1
absorption intensities has been noted, resulting in the assignment of the two ab-
sorption bands to the same defect [6]. Uniaxial stress experiments by Cruddace,
concluded this mode to originate from an A→ E transition at a trigonal centre.
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7.2.2 The 3123 cm−1 absorption band and the NVH defect
The 3123 cm−1 band is routinely observed in nitrogen doped, CVD grown dia-
mond [19, 20]. Isotopic substitution experiments with deuterium identified the
centre to involve one hydrogen atom. The transition disappeared in the deuterium
enriched sample, the conclusion being that the absorption band shifted to beneath
the strong two-phonon absorption of diamond, resulting in lifetime broadening of
the line [10, 21]. Experiments considering isotopic substitution with 15N and 14N
enriched samples, gave no evidence of a shift in the transition frequency, conclud-
ing there to be no involvement of nitrogen in the vibration. Finally, substitution of
12C with 13C, induced a red frequency shift of 6 cm−1 and confirmed the assignment
of the vibration to a C–H mode.
Cruddace correlated the 3123 cm−1 absorption band with the NVH− defect ob-
served by EPR [18] and by uniaxial stress, identified the mode to originate from
an A → A transition at a monoclinic I defect. The NVH− defect is commonly
observed in single crystal CVD diamond but no reports exist of its observation in
natural or HPHT synthetic material. EPR has identified the defect to have C3v
symmetry [22] and it has been shown that in the NVH− EPR centre, the hydro-
gen atom tunnels between configurations where it is bonded to one of the three
carbon atoms surrounding the vacancy (Figure 7-1) [23]. On the EPR timescale,
the motion can be observed but it is sufficiently slow on the timescale of optical
absorption measurements that C1h (monoclinic I) symmetry is observed. Thus,
the 3123 cm−1 local vibrational mode has the correct symmetry to be assigned to
the NVH defect but with these data alone, it could be attributed to either the
neutral NVH0 (IR active, EPR inactive) or negative NVH− (IR inactive, EPR ac-
tive) charge state. It must be noted that NVH+ is not expected in nitrogen doped
diamond but could be present in material with a high concentration of shallow
acceptors.
Charge transfer investigations highlighted that after heat treatment at 850 K,
the absorption line at 3123 cm−1 was no longer visible and yet it was maximised
post illumination with UV light [24]. The inverse was seen with the concentration
of the NVH− EPR defect. The intensity of the 3123 cm−1 absorption line was
seen to fall with increasing treatment temperature between 300 K and 850 K as
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Figure 7-1: A schematic of the NVH defect. The largest, blue atom represents
the presence of nitrogen in the defect structure. The smallest, red atom tunnels
between the three potential monoclinc I configurations, with a lifetime in each
position of τ . The time averaged position of these three is therefore one with
the hydrogen atom in plane with the nitrogen atom and carbon atom, giving C1h
symmetry.
the concentration of NVH− increased. This suggested a correlation between the
change in the concentration of NVH− and a change in the intensity of the 3123 cm−1
line. Cann concluded that based on the assumption that ∆NVH− = −∆NVH0 and
that the NVH0 defect was the only contributor to the 3123 cm−1 line, a correlation
for the concentration of NVH0 from the intensity (I) of the 3123 cm−1 could be
made (Equation (7-1)).
[NVH0]ppb = 330(30) ppb cm2 × I3123 cm−1 (7-1)
Cann was unable to identify which of the additional absorption features in
the C–H stretch mode region of the infrared spectrum were attributable to the
NVH− defect [24]. Kerridge et al. predicted through modelling that the properties
of the hydrogen-like nucleus of the defect would remain largely unchanged by
a change in its charge state and hence the local electron density would remain
constant [25]. Therefore, the symmetry of both charge states would be the same
and the tunnelling rates for the two defects should be similar.
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Figure 7-2: A schematic of the proposed 3107 cm−1 defect, N:H–C.
7.2.3 The hypothesised N:H–C defect
One final defect to note in preparation for the results of this chapter, is the N:H–
C defect (Figure 7-2). In Goss’s review of hydrogen in diamond, he proposes a
hydrogen-nitrogen complex with a stretch mode at 3324 cm−1 [26]. This mode
should shift by 6 cm−1 upon the substitution of 12C with 13C and by 910 cm−1 in
deuterium doped samples. There would be a negligible shift upon the substitution
of 14N with 15N. It is concluded therefore that the vibration arises from the
hydrogen and carbon bond. The complex possesses a filled level in the band gap
and therefore is electrically stable and will not display photochromic behaviour.
The proposed method of formation is by N0S acting as a trap for hydrogen. The
relaxed structure in the N0S defect results in one very long N–C bond, of the order
of 1.9 A˚ [27]. The hydrogen atom may then insert itself into this N–C bond and as
it does, the interactions between this orbital and the hydrogen 1s orbital overlap,
forming the C–H bond. The hydrogen electron pairs with the dangling orbital on
the carbon atom and the nitrogen lone-pair electrons destabilise because of the
interaction between the C–H σ bond and the nitrogen lone pair. This results in
a doubly filled band-gap orbital [27]. Studies in similar materials such as silicon,
have identified that hydrogen will bind to the host atom rather than the donor
impurity [28].
Tentative assignment of the N:H–C defect to the observed 3107 cm−1 mode, as
a result of thermal stability investigations has been made [18]. However, both the
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3107 cm−1 and 3324 cm−1 features in the C–H stretch region of the IR spectrum
have the correct trigonal symmetry for the assignment to the N:H–C structure.
Therefore, this assignment needs to be questioned.
This chapter aims to answer the following:
 What is the annealing behaviour for the production of the 3107 cm−1 defect
in CVD diamond and how does the initial concentration of nitrogen in the
diamond influence its intensity?
 Does theoretical modelling of the N:H–C defect match the experimental
evidence for the 3107 cm−1 defect or is this an inaccurate assignment? If
the proposal is incorrect, what is the true structure of this defect and is the
3324 cm−1 band the true optical analogue for the N:H–C defect?
 Having identified the 3123 cm−1 absorption feature as the NVH0 defect, what
is its oscillator strength and can an optical analogue for the NVH− defect be
found?
7.3 Experimental detail
Experimental work for this chapter has taken a number of forms, many of which
are outlined in Chapter 4. In addition and discussed below, are the processes of
charge transfer experiments and HPHT annealing.
7.3.1 Charge transfer experiments between defects
A SC-CVD grown diamond, with a concentration of 2.6(4) ppm of N0S as deter-
mined by EPR was used. The change in concentration of the NVH− defect, as
detected by EPR, was compared to the change in intensity of the 3123 cm−1 ab-
sorption band, as observed in IR spectroscopy at 4 cm−1 resolution. The change in
concentration of these defects was stimulated through isochronal heat treatments
in the range of 450 K to 800 K, at 50 K intervals.
The sample was first illuminated for 10 minutes with a 200 W HgXe arc lamp.
IR and EPR spectra were then taken. The sample was then treated at incremental
temperatures for 10 minutes. After heating, the sample was rapidly quenched to
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lock the defect concentrations. From the initial heat treatment, until the final
heat treatment at 800 K, the sample was kept in a dark environment.
For the correlation between intensity and concentration, additional SC-CVD
and HPHT grown samples were considered.
7.3.2 HPHT annealing
A series of SC-CVD samples were used, all cut from the same original diamond.
The total concentration of N0S, as measured by EPR for these samples, was of the
order of 12(2) ppm. Each sample was annealed for 30 minutes with a stabilising
pressure of 6.6 GPa at temperatures of 1500, 1700, 1900, 2100 and 2300. Samples
were then removed, cleaned and analysed by infrared spectroscopy.
Further details of HPHT treatments can be found in §4.1.1.
7.4 Results and analysis
7.4.1 The 3123 cm−1 absorption line and the NVH defect
Figure 7-3 shows how the complex EPR spectrum attained over the g=2 region
for this sample can be deconvolved. The component spectra are from the N0S
and the NVH− defects, the latter of which has been modelled to consider the
effects of the motional averaging of the hydrogen atom. Figure 7-4 shows that as
the isochronal annealing temperature is increased, the intensity of the 3123 cm−1
absorption feature decreases. The concentration of NVH− is seen to increase,
calculated from the doubly integrated intensity of the deconvolved NVH− spectrum
observed by EPR.
The 3123 cm−1 absorption band shows a significant change in the intensity
from a maximum post illumination, to an intensity indeterminable by infrared
spectroscopy after heating at 800 K for 10 minutes. The intensities of lines at
2727, 2807 and 2916 cm−1, are also seen to increase on annealing at 800 K.
The relation between the variations with isochronal annealing temperature in
the intensity of the 3123 cm−1 band and the concentration of the NVH− defect are
shown in Figure 7-5. The solid curves show simultaneous fits to the intensity of
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Figure 7-3: A deconvolution of the room temperature EPR spectrum taken post
heat treatment at 700 K. The upper spectrum indicates the combined theoretical
spectrum, the central spectrum, the contribution from the P1 (N0S) defect and
the lower spectrum, the contribution of the NVH− defect considering motional
averaging of the hydrogen atom.
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Figure 7-4: A graphical illustration of (a) the decay of the 3123 cm−1 absorption
band with increased isochronal annealing temperature and (b) the growth in the
intensity of the NVH− spectrum. A clearer insight into the contribution to the
EPR spectra from the NVH− defect can be seen in Figure 7-3. All spectra were
collected at room temperature and have been offset for clarity. The lowest of
the lines represents the results post illumination with temperature increasing with
higher stacked spectra from 500 K to 800 K at 50 K intervals.
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Figure 7-5: Graphs illustrating a change in (a) the 3123 cm−1 absorption band and
(b) the concentration of the NVH− defect with treatment temperature. The lines
of fit represent a process following first order kinetics.
the 3123 cm−1 LVM and the concentration of NVH− defect. This assumes that one
is converted into the other in a process governed by first order kinetics.
Comparing the change in intensity of the 3123 cm−1 absorption band using
spectra taken at 4 cm−1 resolution, with the increase in concentration (Figure 7-
6), this work proposes a new correlation value of:
[NVH0]ppb = 200(15) ppb cm2 × I3123 cm−1 (7-2)= 1400(150) ppb cm ×H
3123 cm−1 (7-3)
where I
3123 cm−1 is the integrated intensity of the 3123 cm−1 LVM andH3123 cm−1
is the peak height of the LVM. This number is significantly less than that reported
by Cann [24]. The values presented here are the result of a study using more sam-
ples and a greater number of data points from each, in terms of the number of
heat treatments performed. It is therefore considered to be more accurate.
As Figure 7-7 shows, changing resolution has a significant effect on the peak
height of the 3123 cm−1 absorption band. The intensity of the band remains con-
stant within error but if the correlation for height is used, the additional conversion
factor illustrated in Table 7-7, needs to be considered.
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Figure 7-6: Graphical illustration of the relation between the 3123 cm−1 defect and
NVH− showing an inverse correlation. Assuming ∆NVH− = −∆NVH0 and that
the NVH0 defect is the only contributor to the 3123 cm−1 LVM, then [NVH0]ppb =
200(15) ppb cm2 × I
3123 cm−1 at 4 cm−1 resolution.
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Figure 7-7: The effect of changing resolution on the 3123 cm−1 LVM. The graph
indicates how significantly a change in resolution effects the lineshape, with the
table stating correction factors for the calculation of concentration. For example,
a scan made at 1 cm−1 resolution indicates a peak height of 3 cm−1 at 3123 cm−1
indicating a concentration of 0.73 × 3 × 1400 = 3 ppm.
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Figure 7-8: Absorption bands in the C–H stretch region of the infrared spectrum
which demonstrate photo-/thermo- chromic effects. Key bands to note are the
2727, 2807, 2916 and the 3123 cm−1 absorption lines.
7.4.1.1 Possible optical analogues of the NVH− defect
Identification of the 3123 cm−1 local vibrational mode with the NVH0 defect, now
leaves the challenge of identifying the optical analogue of the local vibrational
mode associated with the NVH− centre. Two significant lines which display ap-
propriate photo-/thermo- chromic behaviour occur at 2727 and 2807 cm−1 (Fig-
ure 7-8).
Figure 7-9 illustrates the relation between the peak heights of both the 2727
and 2807 cm−1 absorption features and the concentration of the NVH− defect as
determined by EPR. Both graphs are fitted with a linear relation which passes
through the origin, in an attempt to derive an oscillator strength for the transi-
tion. For the 2727 cm−1 mode, a relation of 5400(370) ppb per cm−1 was calculated,
compared to 1800(100) ppb per cm−1 for the 2807 cm−1 absorption line. This result
is not sufficient to identify which correlates best with the NVH− defect.
In addition, it is known that NVH− and NVH0 will have the same symme-
try [25]. Uniaxial stress spectra of the 2727 cm−1 and 2808 cm−1 lines are incon-
clusive (Figure 7.10(b)). Neither absorption line shows a resolvable stress induced
splitting or shifting at stresses of the order of 3 GPa. No conclusive assignment
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Figure 7-9: The intensity of potential optical analogues with regards to the concen-
tration of the NVH− defect as observed in EPR. (a) displays the relation for the
absorption line at 2727 cm−1 and (b) the relation for the 2807 cm−1 line. Both
graphs have been fitted with a linear relation passing through the origin, to
derive a potential oscillator strength for the transition. (a) gives a gradient of
5400(370) ppb per cm−1 and (b) a gradient of 1800(100) ppb per cm−1.
can therefore be made based on the evidence of this investigation.
7.4.2 HPHT treatment of the 3107 cm−1 absorption band
The 3107 cm−1 absorption band has been shown in this work to anneal in at
temperatures greater than 1700 (Figure 7-11). With the annealing programme
completed here, the band is continuing to grow even after annealing at 2300.
As well as a significant growth in the intensity of the 3107 cm−1 absorption
band, there are several other changes in this region of the mid-infrared spectrum.
The as-grown CVD material initially shows substantial intensity at 3123 cm−1 and
3324 cm−1. As these two lines anneal out, lines at 3033 and 3395 cm−1 appear. The
3033 cm−1 band appears to be relatively stable to high temperatures, annealing
out at 2300, where as the 3395 cm−1 line disappears after annealing at 1700.
Lines at 3107 cm−1 and 3313 cm−1 begin to grow post annealing at 1700, with
3107 cm−1 continuing to grow after higher temperature anneals (Figure 7-11). The
3313 cm−1 feature appears to reach a maximum at 2100 but is still present at
2300.
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Figure 7-10: Uniaxial stress splitting spectra for the (a) 3123 cm−1 and (b)
2727 cm−1 and 2808 cm−1 lines. In each, the electric vector is polarised (i) parallel
and (ii) perpendicular to the direction of stress. (iii) illustrates the unstressed
spectrum. In (a), relative intensities of transitions for a monoclinic I symmetry
have been labelled. Spectra have been offset for clarity.
Of particular interest is the relation between the presence of nitrogen within
the lattice of the diamond sample and its influence on the growth and inten-
sity of the 3107 cm−1 absorption line. Initial investigations observe the changing
concentration of nitrogen in the sample with annealing (Figure 7.12(b)). As the
3107 cm−1 line begins to grow, there is an initial increase in the concentration of
N0S but decrease in the concentration of N
+
S. As the 3107 cm
−1 absorption band
continues to grow, there is a net decrease in the total concentration of single ni-
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Figure 7-12: The effect of HPHT annealing on the growth of the 3107 cm−1 absorp-
tion band and subsequent change in the concentration of nitrogen. (a) shows the
increase in absorption intensity of the 3107 cm−1 absorption band with increasing
annealing temperature, reaching towards a maximum post annealing at 2300.
(b) plots the simultaneous changing concentration of the N+S and N0S defects with
annealing temperature. Plotted also is the changing total single substitutional ni-
trogen concentration ([N0S]+[N
+
S]). The concentration of A-centres in this sample
was below detectable limits. The trendline illustrating the changing total [NS] is
to guide the eye.
159
Chapter 7. Hydrogen Related Defects in Diamond
trogen in the sample. At these temperatures, the A-centre could be forming but
the concentration of this defect, if present, was below the detectable limits of IR
spectroscopy.
The fastest increase in the intensity of the 3107 cm−1 defect occurs in a tem-
perature range where the NVH−/NVH0 defects are annealing out (Figure 7-11).
Since the concentration of single substitutional nitrogen does not increase in the
same period, this may be indicative of a direct conversion from NVH− to the defect
responsible for the 3107 cm−1 absorption band.
Collecting data from a range of HPHT experiments at 2100(200) for 60 min-
utes, a relation between the total concentration of single substitutional nitrogen
and the intensity of the 3107 cm−1 feature, has been found (Figure 7-13). A best
fit is obtained when the peak height of the 3107 cm−1 line is proportional to the
square of the total concentration of nitrogen. This is in contrast to the data pre-
sented by Kiflawi et al., who identified the intensity of the 3107 cm−1 defect to be
directly proportional to the concentration of nitrogen in HPHT samples [7]. For
their sample suite, concentrations of nitrogen were orders of magnitude greater
than seen here.
7.4.3 Symmetry and structure analysis of C–H stretch modes
Investigation of an absorption line’s response to stress is a powerful technique to
gain information on the symmetry and therefore potential structure of a defect.
With annealing behaviour and isotopic substitution information alone, conclusive
assignment of structure cannot be made.
The 3107 and 3324 cm−1 lines are characterised as A→ A transitions originating
from trigonal centres, with derived piezospectroscopic parameters characterising
the shift rates of the defects (Table 7-1).
Based on the symmetry of these two absorption bands, there are a number
of possibilities for the structure of these defects. The defect is known to include
hydrogen, proposing a number of trigonal defects including N:H–C, H∗2, hydrogen
in an anti-bonding site or bond-centred position or possibly an A-centre with a
hydrogen bonded in an anti-bonding configuration.
N:H–C was originally proposed to be the most probable structure for the
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Figure 7-13: A graph indicating the relation between the peak height of the
3107 cm−1 line and the concentration of single substitutional nitrogen in diamond
post annealing at 2100 for 60 minutes. The trend line models the behaviour
predicted for a second order kinetic process with h3107 ∝ [N0S]2. Data has been
collected from a number of HPHT experiments under similar conditions. ◻ data
markers represent data from DTC, △ datum marker represents a result presented
by Charles et al. [12], ○ datum marker represents a result presented by Wang et
al. [29] and × data markers, data collected during this study.
Table 7-1: Experimental piezospectroscopic parameters for the 3107, 3123 and
3324 cm−1 absorption bands and theoretical parameters for the N:H–C defect.
Parameter 3107 cm−1 3324 cm−1 N:H–C 3123 cm−1
A1 0.5(3) 1.4(5) 1.7 -1.7(3)
A2 0.9(2) 1.0(4) 1.2 1.8(3)
A3 0.9(3)
A4 0.1(3)
3107 cm−1 transition. As Table 7-1 and Figure 7.14(a) show, the experimental
uniaxial stress data are not well matched with that calculated theoretically for
the N:H–C defect. Instead, the parameters are significantly closer to the experi-
mental results gained for the 3324 cm−1 defect. Given the success in relating theory
and experiment for the 1344 cm−1 LVM of the N0S defect (Chapter 5) and the H1a
defect (Chapter 6), it is proposed that the 3324 cm−1 LVM originates from the
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Figure 7-14: Graph depicting the experimental shift of the (a) 3107 cm−1 and (b)
3324 cm−1 absorption bands under uniaxial stress in the ⟨001⟩ and ⟨111⟩ directions.
Each graph is overlayed with the theoretical transition shift for the N:H–C defect
with the solid line indicating the predicted shift of N:H–C and the dashed line the
least squares fit model from the experimental data.
N:H–C defect.
Experimentally, for 13C:12C isotopic substitution, a shift of 6 cm−1 is observed
for the 3324 cm−1 line [10, 21]. For 14N:15N isotopic substitution, no shift is seen
in the transition but this does not preclude the involvement of nitrogen in the
associated defect [10, 21]. There is also a strong influence on the transition from
the presence of hydrogen in the defect, although the precise isotopic shift with
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deuterium enrichment is unknown. It is suspected to shift the transition to under
the two-phonon absorption of the mid-infrared spectrum [10, 21]. Theoretical
modelling calculates the stretch mode of the N:H–C defect to be at 3324 cm−1
and has been shown to red shift by 6 cm−1 and 910 cm−1 with the substitution
of 13C and 2H respectively and be unaffected by the isotopic substitution of 14N
with 15N [30]. Comparing the shifts seen experimentally with those predicted
theoretically, excellent agreement is observed, substantiating the assignment of
the 3324 cm−1 LVM to the N:H–C defect.
Further evidence supporting the assignment of the N:H–C defect to the 3324 cm−1
transition is its annealing behaviour. The 3324 cm−1 line is stable to approximately
1000 in samples and anneals out by approximately 1100. Isochronal anneal-
ing at 1100, 1125 and 1150 revealed the 3324 cm−1 line to display second
order kinetic trends, with first order models failing to provide a satisfactory rep-
resentation of the data [18] and an activation energy of 4.6(2) eV. In comparison,
using LDA-DFT techniques, Goss calculates that for the dissociation of the N:H–C
defect, N −H→ N0 +H0 would have a binding energy of 4.2 eV. N −H→ N+ +H−
would instead have a binding energy of 3.5 eV. The dissociation path to two neu-
tral components, provides a value in reasonable agreement with that derived from
experiment.
Finally, the 3324 cm−1 line does not display any change in intensity when sub-
jected to photo-/thermo- chromic experiments (Figure 7-15), complementing the
electrical inactivity and stability of the N:H–C model.
7.5 Conclusions
This chapter has furthered the understanding of three key C–H stretch modes
seen in infrared spectroscopy. The 3123 cm−1 absorption band assigned to the
NVH0 defect has been quantified. By comparison of the change in intensity of the
3123 cm−1 line and the change in concentration of the NVH− defect as determined
by EPR over a wide sample range, a correlation factor of 200(15) ppb cm2 has been
concluded for scans at 4 cm−1 resolution. Conversion factors for other resolution
scans have been presented.
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Figure 7-15: A graph illustrating the photo-/thermo- chromic behaviour of the
3324 cm−1 transition. (i) indicates the spectrum post illumination for 5 minutes
with the 200 W HgXe arc lamp. (ii) represents the spectrum taken post treatment
for 60 minutes at 850 K with the sample treated, mounted and scanned in the dark.
(iii) represents the difference between these two spectra, indicting a maximum
change in the 3123 cm−1 line and no change in the 3324 cm−1 line.
Potential optical analogues for the NVH− defect have been considered. Two
candidates highlighted by this work are lines occurring at 2727 and 2807 cm−1,
which both display the correct photo-/thermo- chromic behaviour and occur at
lower energies compared to the NVH0 defect. Both these lines show a linear trend
between their change in intensity and the change in concentration of the NVH−
defect. Under uniaxial stress, the response of these two modes differs slightly,
although neither demonstrate a resolvable stress induced splitting to categorically
identify the associated defect as having monoclinic I symmetry. The 2727 cm−1
mode gives the greatest suggestion of splitting, which at first sight, appears very
similar to the stress induced splitting patterns of the 3123 cm−1 absorption band.
It is therefore the suggestion of this work that the 2727 cm−1 transition is a more
plausible candidate for the NVH− defect.
The previous assignment of the 3107 cm−1 absorption feature to the N:H–C
defect has been rebutted. Theoretical modelling of the N:H–C defect does not
replicate accurately the experimental data seen for the 3107 cm−1 absorption fea-
ture with regards to its sensitivity to stress, despite having the correct symmetry.
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Piezospectroscopic parameters highlight the 3324 cm−1 mode to be a better match
to the theoretical N:H–C defect. The splitting patterns and shift rates are com-
parable and this claim is substantiated by further evidence. The 3324 cm−1 line
does not display sensitivity to photo-/thermo- chromic experiments, suggesting
there to be no unfilled electronic states in the band structure and complementing
the electrical inactivity predicted for the N:H–C defect. Furthermore, the isotopic
substitution behaviours with 13C, deuterium and 15N enriched samples compared
to samples of natural abundance, are identical, comparing experiment and theory.
Samples have been annealed to temperatures of 2300, with no evidence of
the 3107 cm−1 absorption feature reaching a turning point in its intensity. This
work has also identified the relation that, in CVD-grown samples with a low
concentration of substitutional nitrogen, there is a squared dependence between
the concentration of nitrogen and the peak height of the 3107 cm−1 absorption
feature. It has previously been presented in literature that a linear relation be-
tween these two quantities exists in HPHT-grown samples, with concentrations
of substitutional nitrogen greater than 200 ppm [7]. Could this be indicative of
two formation mechanisms dependent upon lattice impurities and defects or more
simply, considering the lack of isotopic substitution evidence, that nitrogen’s role
in the growth of the 3107 cm−1 defect is purely concerned with the uptake of hy-
drogen, with higher concentrations of nitrogen leading to faster growth rates and
an increased uptake of hydrogen into the diamond lattice? It is known that the
growth rate shows a dependence to the square root of the concentration of nitro-
gen. Therefore, is the concentration of hydrogen related to the fourth power of
nitrogen concentration?
It had been proposed that the 3107 cm−1 defect involves an A-centre and hy-
drogen. To maintain the correct trigonal symmetry, an A-centre would sit in a
location along the ⟨111⟩ direction on the next position to the carbon atom, with
an anti-bonding hydrogen attached. This would mean that a very large distance
between the nitrogen and carbon atoms would exist, making the sensitivity of the
C–H mode to the presence of the A-centre weak.
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7.6 Further work
Whilst this work reports many advances in the understanding of C–H stretch
modes in infrared spectroscopy, there are many areas which can be furthered to
strengthen the assignments made here.
For the 3123 cm−1 line, it is important that further data are added to improve
the estimation of the oscillator strength and therefore the quantification of the
concentration of the NVH0 defect in diamond. Ideally samples with more extreme
concentrations are required to extend the plot. In addition to this, significant work
is required to identify the optical analogue of the NVH− defect. Two proposals
have been made here but the lack of resolution of the uniaxial stress data, prevents
secure assignment of the symmetry of the defect from which it originates.
The revised assignment of the N:H–C defect to the 3324 cm−1 line has now
meant that uncertainty exist as to the structure of the 3107 cm−1 defect. What
role does nitrogen play in the defect and more generally, what effect does nitrogen
have on the uptake of hydrogen during CVD growth?
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Chapter8
Neutron Irradiation Effects in Diamond
Diamond is perceived as a radiation hard material but the extent of the damage
that high energy particles have on the lattice is not well understood. The isolated
vacancy and self interstitial have been identified but many questions remain as
to the formation of complexes once these primary products of radiation damage
become mobile. Furthermore, neutron irradiation and ion implantation produce
a cascade of secondary damage not found for electron irradiation and the defects
produced under such complex conditions are not well understood.
This chapter will consider the mechanisms and induced defects resulting from
neutron radiation damage, characterising the resulting key absorption features.
8.1 Introduction
As a radiation hard material, proposals have been made to use diamond as a
semiconductor device for detectors in high-radiation environments, such as in the
Large Hadron Collider (LHC) at CERN [1–6]. In addition to the practical reason
for testing a diamond’s response to radiation, there is the growing concern that a
significant number of gem diamonds are being irradiated to improve their colour
and value. For example, electron irradiation of type Ib diamond can turn an
unattractive brown diamond rich in substitutional nitrogen, a red colour when
annealed between 600 and 800 and a colourless type IIa diamond, blue-green.
The artificial enhancement of the colour properties of a gem diamond is something
which is of great concern to the gem industry and hence needs to be identifiable
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and understood.
8.2 Review of irradiation studies on diamond
The act of bombarding a sample with high energy particles, can significantly
change its properties. The momentum and the electronic charge of an irradiating
particle determines the damage it can produce. As the particles pass through
the lattice, they may participate in a number of collisions with the constituent
atoms. The number of collisions will depend upon their energy. If a collision
transfers enough energy, the interaction may be sufficient to displace an atom
from its lattice site, forcing it into an interstitial position and introducing vacant
sites into the lattice. If the material is then annealed such that the new vacancy
and interstitial defects are mobile, they may migrate and form complexes with
themselves or other point defects in the lattice, further modifying the properties
of the diamond.
Neutrons, since electronically neutral, have a small interaction cross section
with carbon and the majority (at 1 MeV) will pass through the diamond lattice
without effect [7]. However, if a 1 MeV neutron collides with a carbon atom, of the
order of 300 keV may be imparted to the carbon atom in the inelastic collision. The
carbon atom, recoiling post collision, may then collide with other atoms, leading
to secondary collisions and a cascade of further damage throughout the lattice. By
electron microscopy, the threshold energy for the displacement of atoms from their
lattice sites in natural type IIa diamond was found to be 37.5±1.2 eV for irradiation
incident in the [100] direction, 45.0±1.3 eV in the [111] direction and 47.6±1.3 eV
in the [110] direction [8]. The threshold energy was defined as the maximum
recoil energy which corresponded to the minimum incident electron energy for the
observation of defect cluster formation. Collision displacement occurs most easily
in the close-packed direction, permitting interstitials to form away from vacancies
and giving the variation in threshold energy for different angles of incidence of the
bombarding particle [9]. When the incident energy is large or if temperature is
increased, the atom displacement may occur in random directions [8].
In diamond, it is theoretically modelled that primary damage due to 1 MeV
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neutrons produces of the order of 70 vacancies per neutron per cm [10]. However,
the energy imparted to the lattice during irradiation means that many of these
vacancies recombine with the displaced interstitials almost immediately, leading to
an observed damage of only half this number of vacancies [10]. The recombination
volume generally has an extended shape in the close-packed direction as a result
of the rigid tetrahedral bonding of diamond, which increases the probability of
spontaneous recombination [11, 12].
8.2.1 Neutron irradiation
A dominant effect of radiation damage is to produce the ‘GR’ vibronic bands, the
lowest energy of which occurs at 1.673 eV (741 nm) and is attributed to the V0
defect [13, 14]. In addition, the I001 defect (R2) is a prominent feature at 1.856 eV
(668 nm) [15]. The vacancy is mobile at temperatures greater than 600 where
it can combine with other point defects, vacancies and interstitials in the lattice.
The formation of vacancy related defects and additional interstitial related defects,
is reviewed in Chapter 2.
Much is known about the interaction of single vacancies produced during irra-
diation and the diamond lattice but less is reported about the effects of neutron
irradiation producing significantly larger concentrations of vacancies. The higher
momentum involved in collision leads to a higher probability for multiple vacancy
clusters and chains, which may have a significant effect on the optical and elec-
tronic properties of diamond.
8.2.1.1 Absorption features in the two phonon region
Woods’ study on neutron irradiated (3.6 × 1016 neutrons per cm2) type IIa di-
amond, identified a line at 1531.0(5) cm−1 with additional minor absorptions at
1570 cm−1 and 1420 cm−1 [16]. The 1531 cm−1 absorption peak annealed out after
treatment at 450. A second close peak at 1570.3(1) cm−1, at near maximum
intensity between 300 and 350, annealed out at 650. At higher anneals, the
only observation was the steady decrease of the lattice absorption, which vanished
at 1100.
In type Ia diamond, the 1531 cm−1 absorption band was again observed but was
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weak in intensity, annealing out at 300. In addition, a line at 1574.2(2) cm−1 an-
nealed in, maximised in intensity at 1100 but did not anneal out until treatment
at 1400.
An absorption band at 1856 cm−1 has been reported as a vibrational absorption
peak, superimposed on the tail of the two-phonon lattice band [17]. The absorption
feature is induced in natural type Ia diamond when bombarded with neutrons
(typically 5×1017 cm−2 fast neutrons) and annealed [17]. The growth of the feature
has two annealing stages at 500 and 900. Annealing of irradiated type Ib
diamond does not produce the same absorption system upon low temperature
annealing. Instead, annealing at temperatures of the order of 1400 is required,
the temperature required for the vacancy-enhanced aggregation of nitrogen [18].
The annealing results are similar to those observed for the H1a defect discussed in
Chapter 6. In both instances, there are two different temperatures at which the
defect may form, depending upon the initial form of the incorporated nitrogen of
the sample; potentially, one may be where the impurity is in an isolated form and
a second where it is in an already aggregated form.
Isotopic substitution experiments concluded that the 1856 cm−1 feature split
into three isotopically related transitions in a sample with a relative concentration
of 14N:15N of 70:30 [17]. This implied that the absorption resulted from a defect
formed of two equivalent nitrogen atoms (a di-nitrogen centre), although the con-
figuration was not determined. Again, this is comparable to the H1a defect (see
Chapter 6).
The H1a defect which has a local vibrational mode (LVM) absorption at
1450 cm−1 in 14N diamond, has been identified in neutron irradiation type Ib
samples [16, 19]. The 1450 cm−1 peak increased in intensity linearly for low neu-
tron doses but saturated at 2 × 1017 neutrons per cm2 and became independent of
dose [19].
8.2.1.2 Near infrared (NIR) absorption features
The electronic zero phonon line (ZPL) transition at 4935 cm−1 is labelled H1b.
A vibronic sideband associated with this ZPL has not been observed and hence
it is assumed that the coupling to the diamond lattice vibrations must be very
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small [20]. Previously reported correlations between the H1b defect and H3 were
disproved by Collins et al. as were correlations between H1c and H4 [20].
Uniaxial stress measurements, identified the H1b defect to originate from a
defect of monoclinic I symmetry, showing distinct resolvable linear shifting and
splitting of the transitions at stresses of the order of 2 GPa [20]. The intensities of
the transitions were found to be independent of the magnitude of stress, indicating
that the transitions arise from electronic, non-degenerate states. A monoclinic I
point centre has a C1h point group with a normal to its reflection plane along
the [110] axis of the crystal. The perturbation of the Hamiltonian is shown in
Equation (8-1), where sij are the components of the stress tensor and Ai represents
the difference in the perturbation of the excited and ground states of the optical
transition per unit stress [21].
H1 = A1szz +A2(sxx + syy) + 2A3sxy + 2A4(syz − szx) (8-1)
The intensity of each stress split component will be a function of the orienta-
tion of the dipole in the {110} reflection plane, with a component D along the
[001] axis and E along [11¯0]. The orientation of the dipole was calculated as
θ = tan−1(E/D) = 21(1)○ for the H1b defect. However, the exact nature of the
H1b centre has not been determined.
The 4397 cm−1 absorption line is commonly observed in type Ib diamond fol-
lowing neutron radiation and annealing at temperatures greater than 1400 [22].
This centre was observed to be stable to temperatures greater than 1700 and
not observed in type IIa material (Figure 8.1(a)), leading to the presumption
that this defect was associated with nitrogen or an aggregate thereof. Instead, in
type IIa diamond, four ZPLs at 4066, 4113, 4139 and 4168 cm−1 could be iden-
tified [23]. The intensity of the 4397 cm−1 absorption was shown to be related
to the neutron dose and not observed in samples exposed to a dose of less than
8 × 1016 electrons per cm2 [22].
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(a) (b)
Figure 8-1: Absorption spectra of the H1b defect at 4935 cm−1 at 80 K. (a) illus-
trates the NIR absorption spectra for neutron irradiated type Ib and IIa diamonds
annealed at 1700. The type Ib spectrum illustrates the ZPL at 4397 cm−1 and its
one phonon sideband at 4935 cm−1, whereas four ZPLs were observed in the type
IIa diamond. (b) illustrates the strong photochromic behaviour of the 4397 cm−1
line under excitation by 514.5 nm argon ion laser. The upper figure represents
the spectrum prior to illumination and the lower, the difference spectrum under
excitation. These figures have been adapted from a paper by Mita et al. [22].
8.3 Experimental detail
A series of samples were prepared and neutron irradiated at the Hoger Onderwijs
Reactor at the Delft University of Technology in the Netherlands. This suite
included natural and synthetic (CVD and HPHT grown) diamonds that were
characterised as type IIa and Ib. Two type IIa samples were isotopically enriched
with 10% and 50% 13C and one of the type Ib samples was enriched with ∼ 95%
15N. The total dose of neutrons was 5 × 1017 neutrons per cm2. All these samples
were prepared as outlined in §4.7.2 and confirmed to be inclusion free. The local
sample temperature was estimated to be in the region of 200 and irradiation
was completed in atmospheric conditions.
Post irradiation, two type IIa CVD samples of natural abundance of 13C (1.1%)
were annealed at 400, 600, 800, 1000, 1200, 1400 and 1500 for 15 hours in
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forming gas in the horizontal tube furnace (§4.1.2). Infrared spectroscopy was
then performed at room temperature and liquid nitrogen temperature.
The 15N enriched and the 14N HPHT type Ib samples, both prepared for uni-
axial stress applied in the ⟨001⟩/⟨110⟩ and ⟨111⟩ directions respectively, were an-
nealed at 1500 for 15 hours in forming gas in the tube furnace. Uniaxial stress
experiments (§4.3) in conjunction with infrared spectroscopy, were then performed.
All spectra were collected at room temperature and at a resolution of 1 cm−1.
8.4 Results and analysis
8.4.1 Neutron irradiation studies of type IIa diamond
8.4.1.1 Annealing effects on neutron irradiation type IIa diamond
Infrared spectra show substantially more damage from neutron irradiation than
was evident in electron irradiation, highlighted by the strong absorption in the
one-phonon region (Figure 8-2). Following neutron irradiation, the type IIa sam-
ples were opaque in the visible region. Neutron irradiation damage introduced
significant absorption in the one-phonon spectral region and a ramp in the ab-
sorption was introduced to higher energies (Figure 8-2). It was assumed that
annealing at approximately 200 was taking place during the 24 hour irradiation
period.
The one-phonon irradiation damage induced absorption, completely anneals
out by 1500. The annealing kinetics fit to a first order kinetic model (see Equa-
tions (3-48)-(3-50)). However, the best fit is only achieved with a very small
activation energy (∼110 meV) and a very low (non-physical) attempt frequency
(∼ 10−6 Hz). The effective rate constant varies slowly with temperature, < ×10
over the range 200–1500.
Figure 8-3 illustrates the comparison between the annealing behaviour of the
vacancy and interstitial and that of the radiation induced one-phonon absorption.
The profiles are clearly very different and indicate that the recovery of the intrinsic
diamond properties does not simply depend on the migration of isolated vacancies
and interstitials. The neutron dose is below that expected for bulk amorphisation
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Figure 8-3: Isochronal (15 hours) annealing curve of irradiation damage in the
one-phonon region. The red diamond symbols illustrate the integrated intensity
of the structure between 500 and 1332 cm−1. The large open circles illustrate the
expected integrated intensity following first order kinetics. The blue dashed line
is a plot of the [V]/[V]0 with temperature (Ea = 2.3 eV and ν0 = 1 × 108 s−1) [24].
The green dotted line is a similar plot for the interstitial defect (Ea = 1.6 eV and
ν0 = 1 × 108 s−1) [25].
but clearly regions of the diamond are so heavily damaged that recovery of long
range order requires re-arrangement of many atoms.
After annealing at 1000, a feature at 4066 cm−1 became evident, which con-
tinued to increase in intensity with annealing to 1400, decreasing thereafter. For
type IIa diamond, a series of lines in the range 4000–4200 cm−1 have been reported
which do not appear in type Ib diamond [22]. The lack of observation of these
features in type Ib diamond suggests that they are aggregates of intrinsic radiation
damage defects. Presumably, the constituents are trapped by nitrogen impurities
in type Ib diamond so that their production is not possible. Low temperature
measurements sharpened the vibrational mode and helped to improve resolution
of multiple, closely neighbouring absorption features (Figure 8-4).
Previous studies have reported lines at 4066, 4113, 4139 and 4168 cm−1 post an-
nealing at 1700. This study reports observation of lines at 4064.5(1), 4095.8(1),
4113.2(1), 4137.7(2), 4150.0(3) cm−1 after annealing at 1400, suggesting that an
intermediate result towards that reported by Mita has been achieved.
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Figure 8-4: A comparison of room (dashed line) and low (77 K) temperature (solid
line) spectra of the 4066 cm−1 line post annealing at 1200, 1400 and 1500. In
the room temperature spectrum, a single but asymmetric broad feature is seen
which resolves into 5 peaks when measured at liquid nitrogen temperatures. The
intensity of these features maximises post annealing at 1400.
8.4.1.2 Isotopic sensitivity of the 1531 cm−1absorption feature
The 1531 cm−1 feature is apparent post irradiation and was completely removed
by annealing at 400 for 15 hours (Figure 8-2). Simultaneously, a sharp mode
at 1570.8 cm−1 anneals in. These temperatures are in excellent agreement with
those reported by Woods [16]. The 1531 cm−1 line was relatively broad, with a
FWHM of 11.7(2) cm−1 and was absent in electron irradiated samples studied in
this thesis. Upon isotopic investigation, the 1531 cm−1 line splits into 5 lines for a
sample enriched with 50% 13C (Figure 8-5).
The number of lines into which the local vibration mode splits upon 12C:13C
substitution, gives an indication as to the number of equivalent atoms involved
in the LVM. If we assume that a defect contains four equivalent carbon atoms,
each of which vibrates independently, then for a 12C:13C enrichment of 50:50, it is
expected that a 1:4:6:4:1 spectrum is observed. The ratio of the frequencies for the
100% enriched 13C sample to the 100% 12C doped sample would be
√
12/13 = 0.96.
Indeed this is the case since 1472/1531 = 0.96. However, the intensities in Figure 8-
5 do not match the expected 1:4:6:4:1 pattern, showing that this simple analysis
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Figure 8-5: Isotopic shift of the 1531 cm−1 absorption feature with 13C. In (a),
spectra illustrate samples of (i) a natural abundance (1.1% 13C) (ii) 10% 13C
enrichment and (iii) 50% 13C enrichment. (b) highlights the deconvolved spectra
resulting from a sample enriched with 50% 13C. The relative intensities of the fitted
lines are indicated. This highlights the deviation from the 1:4:6:4:1 intensity ratio
that would be expected for four equivalent carbons in the defect. Spectra were
taken at room temperature and spectra in (a) have been offset for clarity.
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is not sufficient. Note also that the spacing between the lines varies between 13
and 15 cm−1.
8.4.2 Neutron irradiation studies of type Ib diamond
8.4.2.1 Isotopic substitution studies of type Ib diamond
Two neutron irradiated HPHT type Ib samples, one with a natural abundance
of 15N (0.36%) and a second enriched with ∼ 95% 15N, were compared post an-
nealing at 1500 for 15 hours (Figure 8-6). An absorption at 1858 cm−1 observed
commonly in radiation damaged type Ia natural diamonds was apparent, arising
from a defect containing two nitrogen atoms. The isotope shifts observed between
these samples were in agreement with those previously reported.
A number of lines were also observed in the range of 2500–7000 cm−1 (Fig-
ure 8.6(b)). None of these lines showed any shift with 14N to 15N isotopic sub-
stitution. If these lines were resulting from electronic transitions of nitrogen re-
lated defects, only a very small shift would be expected, very much less than the
linewidth of the feature.
A significant variation in the intensity of the features between the 14N and 15N
enriched samples was apparent. The concentration of nitrogen in the 14N sample
was 4.0 times that of the 15N doped sample. However, the ratios of the principal
features at 2912, 4399, 4935 and 6459 cm−1 were found to be 5.6(3), 5.1(3), 0.6(1)
and 1.9(2) between the 14N and 15N doped samples, respectively.
Absorption lines observed in the type IIa samples are present in samples with
lower nitrogen doping but not in samples with higher nitrogen concentration.
This result is perhaps not surprising. If the absorption features in the range
4000–4200 cm−1 in the IIa sample are vacancy aggregates, then assuming that the
5×1017 neutrons per cm2 produces approximately 100–200 ppm of vacancies, in the
heavily nitrogen doped samples where [N]>[V], nearly all vacancies will be trapped.
However, in lightly doped samples, there [V]>[N], not all vacancies will be trapped
and the production of the vacancy aggregates will be possible.
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Figure 8-6: Spectra comparing type Ib neutron irradiated diamond of natural
abundance ([N] = 240 ppm) and 95% enriched with 15N ([N] = 60 ppm) after an-
nealing at 1500 for 15 hours. (a) focusses on the absorption at 1858 cm−1 in 14N
doped samples, shifting to 1822 cm−1 in 15N enriched diamond. (b) illustrates the
2500–7000 cm−1 region. Features in this region do not demonstrate a quantifiable
shift with isotopic substitution. All spectra were taken at room temperature and
have been offset for clarity.
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8.4.2.2 Uniaxial stress studies of the 4399 cm−1 absorption feature
Uniaxial stress experiments were performed in conjunction with infrared spec-
troscopy to attempt to identify the symmetry and structure of the defect respon-
sible for the 4399 cm−1 absorption feature. This was assumed to be the 4397 cm−1
absorption feature previously reported, which grew in under the same conditions.
Uniaxial stress experiments were performed at room temperature using the two
nitrogen doped, irradiated (5×1015 neutrons per cm2) and annealed (1500 for 15
hours) samples. For this study, the 14N sample was cut such that the faces were
(111), (112¯) and (11¯0) orientated and the 15N enriched sample had faces parallel
to the (001), (110) and (11¯0) planes. Together, these samples permitted a full
investigation of defect symmetry.
Figure 8-7 shows the experimental stress spectra for the 4399 cm−1 absorption
feature compared with that predicted theoretically for a monoclinic I defect with
its dipole orientation along the ⟨113¯⟩ direction. The number of splittings of the
transitions under stress were characteristic of a monoclinic I defect and very similar
in nature to that observed for the H1b defect. The rate of splitting was in excellent
agreement with that of the monoclinic model outlined by Bech Nielsen et al. and
Mohammed et al. (Figure 8-8) [26, 27]. For an A→ A transition at a monoclinic I
centre, the stress spectra are characterised by four parameters A1, A2, A3 and A4.
The model lines in Figure 8-7 show the least squares fit to the proposed transition
and symmetry, resulting in the parameters quoted in (8-2).
expA1 = +31.8(7) cm−1GPa−1
expA2 = −10.6(7) cm−1GPa−1
expA3 = +0.84(2) cm−1GPa−1
expA4 = +10.4(7) cm−1GPa−1
(8-2)
A monoclinic centre has a twofold rotation axis (C2). The symmetry is too
low for degenerate states to exist and hence, the stress-induced splitting originates
solely from the orientational degeneracy of the defect. For a monoclinic I centre,
C2 is parallel to the ⟨110⟩ direction, as opposed to the ⟨001⟩ axis for monoclinic II
defects. The relative intensities of the stress-split components are therefore depen-
dent upon the orientation of the optically active dipole. The relative intensities
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Figure 8-7: Uniaxial stress splitting data for the 4399 cm−1 absorption feature. The
left hand column illustrates a simulated splitting of a monoclinic I defect (with θ =
25○), based on the experimentally determined piezospectroscopic parameters for
the 4399 cm−1 mode. This is in comparison to the experimental spectra observed
for the 4399 cm−1 defect in the right column. The simulated spectra shows the
convolution of the contributions of each transition. In all spectra, the electric
dipole vector is orientated (a) parallel and (b) perpendicular to the direction of
stress. (c) represents the unstressed spectrum. Spectra were all collected at room
temperature and have been offset for clarity.
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Figure 8-8: Transition frequency shifts for the 4399 cm−1 absorption feature for
stress applied in the ⟨001⟩, ⟨111⟩ and ⟨110⟩ directions. Experimental data points
are overlayed with the best fit model for a monoclinic I (C1h) centre.
of the absorbance lines can be calculated based on tables published by Davies et
al. and Bech Nielsen et al. and are summarised in Table 8-1 [27, 28].
A method of least squares fitting, comparing the theoretical intensities as pre-
dicted by Table 8-1 concluded a value for θ of 25○, i.e. approximately ⟨1¯13⟩.
Considering the modelling of a defect with this orientation, the experimental data
and theoretical models are in good accord (Figure 8-7).
Figure 8-9 highlights the sensitivity the intensity of the transition has to the
orientation of the dipole to the (001) plane. In the region around 25○, the rate
of change in intensity with angle is at its greatest. The intensities found exper-
imentally do not match perfectly with those modelled. Error in fitting of the
lineshapes, especially for those for stress in the ⟨110⟩ direction, was significant
due to the poor resolution between transitions. However, the rate of splitting of
the defect and the number of active transitions under applied stress, match very
well with the behaviour of a defect with monoclinic I symmetry.
8.4.2.3 Uniaxial stress studies of the other absorption features in the
MIR region
For the 2912 cm−1 absorption feature, the lack of resolvable splitting and minimal
shift at these pressures (Figure 8-10), would suggest the defect to be hard in nature.
This would suggest the inclusion of vacancies in this defect to be unlikely and for
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Figure 8-9: Plots show the changing intensity of a stress split transition with dipole
orientation relative to the ⟨001⟩ axis arising from a monoclinic I defect. Transitions
are shown which result from stress application in the (a) ⟨001⟩ direction, (b) ⟨111⟩
direction and (c) ⟨110⟩ direction (E∥⟨110⟩/⟨001⟩ and E∥⟨110⟩/⟨110⟩). These plots
have been calculated using the formulae presented in Table 8-1.
it to more probably be associated with an interstitial type defect. An increase in
the intensity of the unstressed transition would greatly aid in characterisation of
this absorption feature as well as using higher pressures, increasing the relative
splitting of the multiple transitions.
The H1b line at 4935 cm−1 behaved in a manor identical to that published
by Collins et al. [20]. This provided confidence in the experimental procedure in
producing accurate results that were reproducible and in agreement with those
already published.
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Figure 8-10: Stress induced splitting spectra of the 2912 cm−1 absorption feature
arising post neutron irradiation and annealing at 1500 for 15 hours. Spectra
shown are for stress applied along the ⟨001⟩, ⟨111⟩ and ⟨110⟩ directions at 2.1,
3.8 and 2.6 GPa. In each graph, spectra are shown for the electric dipole vector
polarised (i) parallel and (ii) perpendicular to the direction of stress with (iii) illus-
trating the unstressed spectrum. With regards to the dramatic intensity difference
for the absorption in the ⟨111⟩ direction, it should be noted that this is for the
14N sample with a significantly greater concentration of nitrogen in the sample.
Spectra were collected at room temperature and have been offset for clarity.
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Figure 8-11: Stress induced splitting spectra of the 6459 cm−1 absorption feature
arising post neutron irradiation and annealing at 1500 for 15 hours. Spectra
shown are for stress applied along the ⟨001⟩, ⟨111⟩ and ⟨110⟩ directions at 2.1, 3.8
and 2.6 GPa. In each graph, spectra are shown for the applied stress polarised (i)
parallel and (ii) perpendicular to the direction of stress with (iii) illustrating the
unstressed spectrum. Spectra were collected at room temperature and have been
offset for clarity.
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Figure 8-12: The graphs here indicate the stress induced shifting of the 6459 cm−1
absorption feature at room temperature. The solid lines indicate the predicted
shift of the transitions of a defect with monoclinic I symmetry with the piezospec-
troscopic parameters as indicated in (8-3). Transitions were less well defined in
the data from the ⟨111⟩ direction, which lead to larger errors in the identification
of the peak positions.
The final absorption feature investigated was that at 6459 cm−1. By eye, this
displayed many similar splitting patterns to the 4399 cm−1 and 4935 cm−1 absorp-
tion features (Figure 8-11). The weakness of the signal made accurate determi-
nation of the split transitions intensities difficult. A monoclinic I splitting model
could be theoretically fitted to the data (Figure 8-12), with the resulting param-
eters as quoted in (8-3).
expA1 = +47(2) cm−1GPa−1
expA2 = −14(1) cm−1GPa−1
expA3 = −16(1) cm−1GPa−1
expA4 = +8.7(8) cm−1GPa−1
(8-3)
8.5 Conclusions
8.5.1 Type IIa neutron irradiated diamond
This chapter has aimed to further the fundamental research considering neutron
irradiation damage and diamond. Neutron irradiation is highly damaging to the
diamond lattice causing significant absorption in the one-phonon region. The
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annealing behaviour can be fitted to first order kinetics but is neither consistent
with the loss of absorption being attributed to vacancy nor interstitial defect
migration. It would seem probable to attribute the irradiation damage induced
absorption to the cascade damage; the recovery of this heavily damaged material
deserves further study.
Neither the local vibrational modes at 1531 nor 1571 cm−1 follow the annealing
behaviour expected for the isolated neutral ⟨001⟩-split self interstitial (I001) defect.
For the 1531 cm−1 local vibrational mode, the 12C:13C isotopic splitting suggests
that the defect responsible may have four equivalent carbon atoms. Given the low
thermal stability of this defect, it is tempting to speculate that this could be a
Td symmetry interstitial, although much more information such as from uniaxial
stress studies is required to make this assignment with any certainty.
The 1571 cm−1 local vibrational mode survives to temperatures at which the
vacancy would anneal out. Given that this mode is produced post irradiation
by annealing, it would seem likely that it is an aggregate of primary irradiation
damage defects but again, more research is required to determine the structure of
this defect.
It would seem that a complex series of lines around 4100 cm−1 anneal in and
out before the spectrum reported by Mita is observed. Given that the annealing
temperature is above that where the di-vacancy anneals out, it is possible that the
lines observed here and by Mita, relate to larger vacancy clusters. Given the recent
interest in the properties of vacancy-clusters, for example with consideration to
the brown colouration of diamond, further work is required on these defects.
8.5.2 Type Ib neutron irradiated diamond
The research reported here has determined the symmetry of the 4399 cm−1 (0.545 eV)
centre to be monoclinic I, containing a {110} mirror plane, with the dipole axis
orientated along the ⟨1¯13⟩ direction. Given the larger piezospectroscopic param-
eters indicating the defect to be soft, it appears that the defect involves one or
more vacancies. Its observation only in neutron irradiated samples would sway
this argument towards the assignment of a multi-vacancy defect. The production
of the defect only in nitrogen containing diamond, suggests the involvement of
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Figure 8-13: Potential models for the 4399 cm−1 defect. Both are appropriate for
the identified symmetry of the 4399 cm−1 defect. Differentiation between these
two structures would be difficult. In the figure, the larger blue atoms represent
nitrogen and the dotted outlines, the position of the vacancy. The orientation of
the dipole, found from uniaxial stress investigations, would suggest the defect with
the two vacancies positioned between the two nitrogen atoms to be more probable.
nitrogen, although there is no direct evidence for its involvement in the defect
structure. Nitrogen could be acting as a donor, putting the 4399 cm−1 defect into
the appropriate charge state for detection.
Two possible structures for the 4399 cm−1 mode are shown in Figure 8-13. Both
could be formed by the capture of a vacancy by the NVN0/− defect. Owing to the
identification of the dipole axis orientation to be in the ⟨1¯13⟩ direction, the NVVN
structure seems more probable but deserves further study.
NVN +V → NVVN or VNNV (8-4)
Since the 4399 cm−1 mode is photochromic, it is expected that at least one of
the charge states be EPR active, encouraging further investigation. In addition,
the transition identified at 6459 cm−1, was shown to also fit to a monoclinic I
symmetry, when considering the shifting and splitting response of the transition
to stress. A fourth line at 2912 cm−1 did not split sufficiently for the transitions to
be accurately resolved. The symmetry of the associated defect has therefore not
been identified.
8.6 Further work
The results of this chapter have indicated that substantial further work is required
regarding neutron irradiated diamond. Considering the one-phonon region, a more
thorough annealing study with smaller temperature intervals and using a single
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sample is required to better plot the annealing curve. This can then be compared
across different sample types.
With regards to the 1531 and 1571 cm−1 defects, an investigation as to their
presence in nitrogen doped diamond and isotopically enriched samples would be
beneficial. Once produced in sufficient intensity, uniaxial stress experiments would
help to identify the symmetry of the defect and its structure. Low temperature
irradiation experiments would also be beneficial to understand the formation ki-
netics of these defects.
For the 4399 cm−1 defect, it is assumed that a charge state of this defect will be
EPR active. Optical excitation experiments in conjunction with EPR could help
to identify this alternate charge state and provide further structural information.
In addition, an annealing study would aid the understanding of the annealing
kinetics of the defect.
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Chapter9
Summary and further work
9.1 Introduction
Doping, annealing (HPHT and tube furnace methods) and irradiation damage
(electron and neutron), have been used to produce point defects in diamond.
These defects have been studied using optical spectroscopy, EPR and uniaxial
stress with FTIR spectroscopy to further the understanding of their structure
and properties. It has been shown that no one technique is sufficient for the
complete assessment of a defect. However, the combination of uniaxial stress
with FTIR spectroscopy, isotopic substitution and theoretical modelling has been
demonstrated to be particularly effective in determining defect symmetries and
structures. Furthermore, annealing experiments provide further information on
the mechanisms involved in the formation and annihilation of defects so that a
complete picture of the defect properties and interactions could be constructed.
9.2 Nitrogen related defects in diamond
Studies on HPHT diamond samples doped with ∼95% 15N in the as-grown state or
following irradiation and annealing, have permitted the deconvolution of the com-
plex one-phonon infrared spectrum into constituent spectra of 15N0S,
15N+S and 15A.
Comparing the intensity of the component spectra for 15N0S and the concentration
of this centre as determined by EPR, the concentration conversion factor was cal-
culated to be 27 ppm per 1 cm−1 absorption at 1121 cm−1. This was calculated
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to be, within error, equal to that reported for the 14N0S variant. Using the newly
deconvolved component spectra for the 15N spectra, a revision of a concentration
calculator for infrared spectra from 15N doped samples was implemented.
The isotopic substitution investigation identified several features in the N+S
component spectra. These lines were weak in intensity compared to the 1332 cm−1
LVM but a shift in the absorption at 950 cm−1 to 940 cm−1 and 1046 cm−1 to
1040 cm−1 was observed for 15N enriched diamond. For the A-centre component
spectra, a shift resulting from the 15N substitution was measured for the peak at
1282 cm−1, shifting to 1267 cm−1 for the same enrichment.
Uniaxial stress FTIR measurements enabled the 1344 cm−1 LVM to be iden-
tified as a transition with A → E symmetry. The piezospectroscopic parameters
for the 1344 cm−1 LVM from the stress induced splitting and shifting rates, were
found to be in excellent agreement with those calculated by DFT modelling of
the N0S defect. Not only did this highlight the strength of computer simulation in
predicting the stress induced behaviour of defects in the rigid diamond structure
but also the accuracy that could be attained, even for LVMs only 12 cm−1 above
the Raman cut-off frequency of diamond.
The theoretical intensities of the stress split components of the trigonal 1344 cm−1
LVM, assuming equal populations of the symmetry related sites, were not in agree-
ment with those observed experimentally for stress applied in the ⟨111⟩ and ⟨110⟩
directions. The results indicated that the population for the different symmetry
related sites was varying under the application of stress. In the ⟨111⟩ direction,
stress application of 3.7 GPa induced a near complete depopulation of the unique
extended N–C bond site (with the unpaired electron in this N–C anti-bonding
orbital). It was shown that the reorientation of the N0S defect was consistent
with the thermally induced hopping and tunnelling observed by EPR for the N0S
centre [1, 2].
N+S produced stress induced splittings and peak shifts that could not be suc-
cessfully analysed by theory for a LVM of a defect with Td symmetry. The stress
induced splitting and shifting may result from a combination of a stress induced
perturbation of: the diamond lattice, the N+S defect and possibly some other centre
contributing to the 1332 cm−1 LVM.
196
Chapter 9. Summary
9.3 The H1a defect
In work presented in this thesis, it has been conclusively shown that the H1a LVM
originates from the ⟨001⟩-split di-nitrogen interstitial defect, ending the years of
debate. Confusion arising from the analysis of the isotopic substitution data with
regard to the number of nitrogen atoms involved in the vibration, has been re-
solved by identifying the nature of the LVM in which the two nitrogen atoms are
decoupled. Uniaxial stress studies identified the mode of the H1a LVM to arise
from an A → E transition at a defect with D2d symmetry, consistent with the⟨001⟩-split di-nitrogen interstitial structure. The agreement between the exper-
imentally determined piezospectroscopic parameters and those determined from
DFT calculations is excellent. Furthermore, such calculations also make good pre-
dictions of the LVM energies and isotopic shifts. The bond centred proposal for
the H1a defect was implausible after the recent identification of the ⟨001⟩-split
nitrogen interstitial defect, WAR9.
9.4 Hydrogen related defects in diamond
Hydrogen is incorporated into CVD diamond during growth in a variety of dif-
ferent defect structures. Comparing the photo-/thermo- chromic behaviour of the
3123 cm−1 LVM and the NVH− EPR defect, it has been possible to identify that
the 3123 cm−1 LVM originates from the neutral charge state of the NVH defect.
Correlations between the change in intensity of the 3123 cm−1 absorption feature
and the change in concentration of the NVH− defect as calculated from EPR, have
permitted calculation of the absorption strength of the 3123 cm−1 LVM. 1 cm−1 ab-
sorption at 3123 cm−1 is equal to a defect concentration of 1400(150) ppb.
Data are presented highlighting LVMs potentially associated with the NVH−
defect. Predicted to occur at an energy less than that of the NVH0 defect [3],
absorption features at 2727 and 2807 cm−1 are possible candidates for the C–
H stretch mode of the NVH− defect. Both display appropriate photo-/thermo-
chromic behaviour but neither could be sufficiently split by the application of
stress to identify their symmetry (expected to be monoclinic I as identified for
NVH0).
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Theoretical modelling of the stress induced behaviour of the N:H–C defect was
in poor agreement with the experimentally observed behaviour of the 3107 cm−1
LVM to which is was assigned. A more complementary assignment is to the
3324 cm−1 mode. The 3324 cm−1 absorption feature is of the correct symmetry,
does not display any photo-/thermo- chromic behaviour as expected for the N:H–C
defect and has a suitable thermal stability compared to that predicted theoretically
for the N:H–C structural model. However, this leaves the 3107 cm−1 absorption
feature unidentified.
Results presented in this chapter have extended the knowledge of the pro-
duction of the 3107 cm−1 LVM in CVD diamond. HPHT annealing at 2300
highlighted the extreme stability of this defect. It was found that the intensity
of the 3107 cm−1 LVM produced upon annealing of CVD diamond at 2100(200)
for 60 minutes, correlated with the total substitutional nitrogen (N0S + N
+
S) con-
centration squared in the as-grown material. Given the evidence from isotopic
substitution experiments using 15N enriched samples showing no observable shift
of the 3107 cm−1 LVM and the identification by Kiflawi et al. of a linear depen-
dence of mode intensity with nitrogen concentration in HPHT samples doped with
a high concentration of nitrogen, careful thought needs to be given as to the role
of nitrogen in the defect.
9.5 Neutron irradiation and diamond
Neutron irradiation is known to cause significantly more lattice damage compared
to electron irradiation, as a result of a cascade effect of carbon atoms knocked from
their lattice sites into interstitial positions. The high concentration of vacancies
and interstitials available to migrate through the lattice and form complexes with
other point defects results.
In type IIa diamond, the one-phonon defect related infrared absorption ob-
served post neutron irradiation, anneals out in a manner which cannot be described
by the migration of single vacancies or interstitials. A very small activation energy
was observed with a rate constant that was almost independent of temperature.
Further study of the recovery from such high damage is required.
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Local vibrational modes at 1531 cm−1 post neutron irradiation and 1571 cm−1
post neutron irradiation and annealing, were identified and neither followed the
annealing behaviour predicted for the ⟨001⟩-split self interstitial defect. In a sam-
ple enriched with 50% 13C, the 1530 cm−1 absorption feature was observed to split
in a manner similar to that expected for a vibration involving four equivalent car-
bon atoms. However, the intensities of the five components did not match the
simple theoretical prediction. The 1571 cm−1 mode survives annealing at temper-
atures at which the vacancy is known to anneal out, suggesting it to arise from a
more stable aggregate of primary irradiation damage defects.
In type Ib material, the 4399 cm−1 absorption feature formed post irradiation
(at temperatures less than 200) and annealing at 1500, was identified by
uniaxial stress to originate from a defect with monoclinic I symmetry. The large
piezospectroscopic parameters suggests this defect to involve one or more vacancies
and a multi-vacancy NVVN or VNNV type structure is tentatively proposed. The
strong photochromic behaviour of this centre is an interesting topic for further
research. In addition, the absorption feature at 6459 cm−1 was also identified as
originating from a monoclinic I defect.
The common theme of this thesis and possibly the most important new aspect
of this work, is the identification of the power of uniaxial stress as a tool for the
determination of crystal symmetry from the characteristic stress induced shifting
and splitting of transitions. Its accuracy in the assessment of transitions is clear
when experimental results are compared to theoretical modelling of known defect
structures. In addition to the characterisation of several new defects that arise
from annealing and irradiation treatments of point defects in single crystal dia-
mond, this work encourages the calculation of piezospectroscopic parameters for
the vibrational modes of other defects, to aid in the assignment of the plethora
of vibrational modes observed for defects in diamond. The combination of the-
ory and experiment will help to assign transitions of the same symmetry, with
substantially different parameters, to their correct atomistic models.
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9.6 Further work
In this thesis it has been demonstrated that uniaxial stress FTIR spectroscopy can
be used to investigate the nature of LVMs in diamond, for example the 1344 cm−1
LVM of N0S, 1450/1426 cm
−1 for N2I and 3324 cm−1 for the N:H–C defect, despite
many of these modes being relatively “stiff”. Furthermore, it is now apparent
that DFT theories can predict the LVM for model defect structures with a high
degree of accuracy and that robust predictions of piezospectroscopic parameters
are possible. This invites the combined experimental and theoretical approach to
be more widely exploited on unidentified LVMs in diamond. For example,
 1858/1822 cm−1 (14N/15N) - high symmetry (at least C2v) di-nitrogen defect
(§8.2.1.1). Is this LVM related to the H2/H3 defect [4]?
 3236 cm−1 - possible N–H complex [5]
 1353 cm−1 (C2v) and 1371 cm−1 (D2d) - possible vacancy-hydrogen complexes [6]
Results of this thesis have provided evidence of the preferential orientation of
defects under uniaxial stress, for example the 1344 cm−1 LVM of the N0S defect
(5.4.2.2). This effect now needs to be considered in conjunction with the assess-
ment of the nature of defects from uniaxial stress experiments. For example, the
3123 cm−1 LVM assigned to the monoclinic I NVH0 defect [6], displayed stress
induced transitions with intensities not well modelled by theoretical predictions.
Tunnelling of the hydrogen atom is known to occur in this defect. The application
of stress may be forcing the tunnelling hydrogen atom into a specific orientation
and hence the same analysis will be appropriate to simulate the preferential occu-
pation of specific defect sites. Hydrogen tunnelling is expected to be common to
all vacancy hydrogen defects in diamond [7] and therefore understanding of this
effect is essential in understanding defect dynamics.
This thesis has identified the lack of understanding of the production of the
defect responsible for the 3107 cm−1 LVM. Isothermal studies utilising HPHT an-
nealing techniques are essential to gain an understanding of the defect’s formation.
The CVD synthesis of samples with a range of nitrogen abundances is required.
The consequence of the span of nitrogen concentrations will be variation in the
growth rates of the samples and therefore the probability of hydrogen abstraction
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and the resultant concentration of hydrogen in the sample [8].
Investigations of neutron irradiation in diamond has proposed the repair of
the lattice post heavy damage. This repairing mechanism needs to be understood.
In addition, a range of defects have been identified in type IIa and Ib diamond
that are only observed after neutron irradiation. An obvious progression of the
investigation is the thorough cataloguing of their symmetry by uniaxial stress
FTIR spectroscopy and assessment of their production kinetics by annealing ex-
periments. EPR investigations may also be beneficial, motivated by the observed
photochromic behaviour of the 4399 cm−1 defect. If these defects display a charge
transfer effect, at least one of the states must be paramagnetic and therefore EPR
active. Further understanding is also required of the production of vacancy clus-
ters as a result of neutron irradiation, essential knowledge in the understanding
of the brown colouration of diamond.
Our understanding of the properties and recovery of heavily damaged diamond
on annealing is not very advanced. Given the development of diamond for radia-
tion and particle detectors such as by project RD42 - “Development of diamond
tracking detectors for high luminosity experiments at the LHC” at CERN and the
possibility of using diamond as a plasma facing material in fusion reactors, this
situation must be remedied.
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AppendixA
Defect Symmetries
Following, is a list of common defect symmetries mentioned in this thesis. Included
is an explanation of their symmetry operations and elements and representative
stereographs and 3D objects.
A stereograph is to be interpreted as a schematic diagram of an object viewed
down its principal axis. Equatorial rotation axes and mirror planes lie in the
plan of the diagram. The c, n, g etc. represent the axes of crystallographic
symmetry (2-, 3-, 4–fold etc.) and the solid lines, the lines of reflection. The
symbols + and ○ represent positions in space that are related by the symmetry
operation above and below the plane of the diagram respectively.
1
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Table A-1: Possible symmetries for distorted tetrahedral point sites.
Symmetry Distortion Stereograph 3D Object
Tetragonal
eg. D2d
[001] axial distor-
tion
Rhombic I
eg. C3v
Rotation about
[001] maintained
with [110] distor-
tion
Rhombic II
eg. D2
[100] and [010] axial
distortion
Monoclinic I
eg. C1h
[111] axial distor-
tion without inver-
sion symmetry
Monoclinic II
eg. C2
[100] and general
non-axial distortion
2
AppendixB
Effects of uniaxial stress on optical
transitions
Table B-1 gives the theoretical effects of uniaxial stress on the vibrational tran-
sitions occurring for different symmetry class operations. The table outlines the
effects of uniaxial stress when applied in the ⟨001⟩, ⟨111⟩ and ⟨110⟩ directions,
resolving them both parallel and perpendicular to the direction of stress.
For each stress direction, the number of resulting transitions is given. Accord-
ingly, the intensity of each transition is also stated. For example, for a tetragonal
line stressed in the ⟨001⟩ direction, the line may be composed of 3 transitions.
These appear in ratios of 0:1, 2:0 and 0:1, where 0:1 indicates the relative in-
tensity of these transitions observed post parallel:perpendicular excitation with
respect to the direction of stress. The situation is complicated slightly for stress
in the ⟨110⟩ direction as a result of the crystal becoming biaxial under ⟨110⟩ stress.
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